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SECTION  ONE 


OVERVIEW 

This  final  report  covers  work  performed  by  JAYCOR  under  Contract  N00014-93-C- 
2086  with  the  Pulsed-Power  Branch  of  the  Plasma  Physics  Division  of  the  Naval  Research 
Laboratory  (NRL).  The  research  was  conducted  on-site  at  NRL  by  JAYCOR  personnel  as  part 
of  NRL’s  research  programs  in  support  of  light  ion  inertial  confinement  fusion  for  the 
Department  of  Energy,  and  advanced  pulsed-power  systems  for  Nuclear  Weapons  effects 
simulations  (NWES)  for  the  Defense  Nuclear  Agency  (DNA),  now  the  Defense  Special 
Weapons  Agency  (DSWA).  The  tasks  performed  under  this  contract  included  work  in  several 
areas.  The  original  statement  of  work  included  the  following  tasks: 

la.  investigate  and  optimize  POS  operation  in  the  1  microsecond  conduction  time 
regime; 

lb.  study  the  use  of  other  opening  switch  concepts  for  use  in  greater  than  10 
microsecond  conduction  time  regime; 

lc.  investigate  the  coupling  of  a  ten  microsecond  time  opening  switch  to  a  one 
microsecond  opening  switch; 

ld.  investigate  the  optimization  of  coupling  between  the  POS  and  a  load; 

le.  develop  plasma  sources  for  use  in  inductive  energy  store  applications; 

lf.  develop  and  study  techniques  for  the  transport  of  light  ion  beams;  and 

lg.  develop  ion  beam  conditions  appropriate  for  the  various  transport  schemes 
(addressed  in  task  If). 

JAYCOR  personnel  provided  skilled  design  and,  in  the  case  of  small  items,  fabrication 
of  experimental  hardware  used  in  various  experiments  performed  during  this  contract  period. 
During  the  course  of  this  contract  JAYCOR  was  directed  by  the  COTR  to  discontinue  work  on 
tasks  lb  and  Ic.  Significant  progress  was  made  on  the  remaining  tasks  in  the  statement  of  work. 
The  results  of  that  work  are  described  in  this  report. 
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SECTION  TWO 


INTENSE  ION  BEAM  GENERATION 

During  the  contract  period,  research  on  intense  ion  beam  generation  was  centered  around 
the  development  of  an  applied-magnetic-field  ion  diode  for  the  Gamble  II  generator  at  NRL. 
This  section  summarizes  JAYCOR  efforts  in  this  area  of  research.  Section  2.1  summarizes  the 
results  of  several  experimental  runs  during  the  development  of  the  applied-B  ion  diode  on 
Gamble  II.  These  experiments  used  both  active  and  passive  plasma  sources.  Section  2.2 
summarizes  the  development  of  the  pulser  for  the  active  plasma  source.  In  addition  to  the  work 
reported  here,  development  of  other  intense  ion  beam  sources  continued  at  NRL  with  active 
JAYCOR  participation. 

2.1  Applied-B  Ion  Diode  Development 

During  the  contract  period,  the  applied-B  extraction  ion  diode,  built  by  Sandia  National 
Laboratories  and  installed  on  Gamble  II,  was  tested.  An  intensive  effort  to  characterize  the 
performance  and  optimization  of  this  diode  was  carried  out  with  JAYCOR  participation.  This 
Sandia  designed  diode  uses  two  pairs  of  magnetic  field  coils,  located  beyond  the  anode  and  the 
cathode,  to  produce  a  radial  magnetic  field  in  the  diode  gap.  Currents  are  varied  independently 
to  obtain  the  desired  magnetic  field  configuration.  This  diode  design  was  tested  with  both 
passive  grooved  anodes  (epoxy-fills  the  grooves)  and  active  anodes  or  “Exploding  Metallic  Foil 
Anode  Plasma  Sources”  (EMFAPS).  In  the  latter  case,  either  an  external  power  source  (see 
Section  2.2)  or  energy  diverted  from  a  plasma-opening-switch  drives  current  (>  10  kA)  through 
a  thin  film  foil  in  the  anode  surface  at  the  start  of  the  generator  pulse.  This  current  vaporizes  the 
foil,  leading  to  the  formation  of  an  anode  plasma  and  therefore  a  ready  supply  of  ions.  A  sputter¬ 
coating  system  was  developed  by  JAYCOR  personnel  to  prepare  the  anodes  for  use  in  the 
EMFAPS-driven  applied-B  diode.  The  performance  of  the  sputter-coating  system  was 
improved  several  times  by  JAYCOR  personnel  during  the  contract  period  by  careful  and 
detailed  redesign  efforts. 

The  evolution  of  the  anode  plasma  (including  the  breakdown  of  the  foil)  was  studied  in 
bench-top  experiments  using  several  diagnostics  including  photography,  spectroscopy, 
electrical  measurements,  and  interferometry.  Improvements  in  the  uniformity  of  the  breakdown 
of  the  foil  were  observed  when  the  epoxy  substrate  surface  was  roughened  before  coating. 
Redesign  of  the  current  contacts  to  the  EMFAPS  foil  also  demonstrated  improved  uniformity  of 
the  foil  breakdown  and  made  the  anodes  more  robust  and  easier  to  field. 

After  a  significant  development  effort  (see  attached  reports),  it  was  determined  that  the 
existing  Sandia  designed,  4-coil  applied-B  ion  diode  would  not  meet  NRL’s  requirements  for 
ion  beam  generation.  A  new  2-coil  applied-B  ion  diode  design  was  put  forward,  with  active 
JAYCOR  participation.  This  new  applied-B  diode  is  designed  to  better  match  the  Gamble  II 
generator  specifications.  At  this  time,  construction  of  the  new  diode  is  under  way.  The  new 
diode  design  will  be  fielded  with  both  passive  and  EMFAPS  anodes. 
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2.2  Pulser  Development  for  the  Active  Plasma  Source 

As  discussed  in  Section  2.1,  the  applied-B  ion  diode  requires  an  active  plasma  source.  A 
new  external  pulser  circuit  was  developed  by  JAY  COR  personnel  to  deliver  50- 1 50  kA  of 
current  with  a  risetime  of  less  than  10  ns  and  a  pulse  duration  of  approximately  20  ns.  The 
pulser  uses  a  three  stage  Marx  generator  followed  by  a  water-loaded  pulse  forming  line.  The 
current  is  switched  into  multiple-cable  feeds  leading  to  the  diode.  The  enclosed  reports 
document  the  details  of  the  design  and  testing  of  this  pulser.  A  copy  of  this  pulser  has  been 
supplied  to  Sandia  National  Laboratories  for  EMFAPS  experiments  on  the  SABRE  generator. 
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EXTRACTION,  APPLBED-B  ION  DIODE  WITH  EXTERNALLY-DRIVEN, 
ACTIVE  ANODE  PLASMA  SOURCE 


J.  M.  Neri,  D.  D.  Hinshelwood,*  J.  R.  Boiler,  R.  Fisher,*  J.  Greenly,*** 
W.  A.  Noonan,**  P.  F.  Ottinger,  S.  J.  Stephanakis,  and  F.  C.  Young 
Pulsed  Power  Physics  Branch,  Plasma  Physics  Division 
Naval  Research  Laboratory,  Washington,  DC  20375-5346 


Abstract 

IVe  report  the  first  use  of  an  external  current  source  to  drive  an  exploding  foil  anode  plasma 
source.  The  source  is  fielded  in  an  extraction,  applied-B  ion  diode  furnished  by  Sandia  National 
Laboratories  (SNL).  An  ion  beam  is  produced  with  parameters  approaching  those  required  for 
ion  beam  transport  research  in  support  of  the  DOE  ICF  program.  The  time-resolved  ion  beam 
current  density  is  measured  using  Rutherford  scattering  and  a  novel  Faraday  cup  developed  at 
Cornell  University. 


We  are  developing  an  extraction, 
applied-B  ion  diode,  on  the  Gamble  n 
generator  at  NRL,  for  ion-beam-transport 
research  in  support  of  the  SNL  ion-beam  ICF 
effort.  An  ion  beam  with  a  voltage  above  1 
MV  and  a  proton  current  above  200  kA  is 
required.  At  present  we  are  using  diode 
hardware  from  the  SNL  SABRE  generator. 
Development  of  this  diode  on  Gamble  11  is  a 
challenge  because  of  the  relatively  low  (~1 
MV)  voltage,  high  (-300  IcA)  ion  current,  and 
small  (-60  cm^)  anode  area  involved.  These 
result  in  required  enhancement  factors  2-3 
times  greater  than  those  in  similar  experiments 
on  LION^  at  Cornell,  SABRE^  at  SNL,  and 
KALIF^  at  KflK,  Karlsruhe.  The  need  for 
stable,  low-impedance  diode  operation  vwth 
early  tum-on  (to  avoid  insulator  flashover) 
necessitates  the  use  of  an  active  anode  plasma 
source.  We  are  using  a  version  of  the 
Exploding  Metallic  Foil  Anode  Plasma  Source 
(EMFAPS).  First  developed  at  Cornell,  ^  this 
technology  has  been  advanced  significantly  by 
work  at  K£K.  This  source  comprises  a  thin 
metallic  foil  deposited  on  an  insulating  anode 
substrate.  A  plasma  opening  switch  is  used  to 
divert  the  leading  edge  of  the  generator  current 
through  the  foil,  rapidly  heating  the  foil  and 
releasing  desorbed  gases.  Subsequent 
breakdown  of  this  gas  layer  results  in  a 


uniform,  largely  protonic  plasma  conformal  to 
the  anode  surface. 

The  relatively  large  jitter  of  the  Gamble  II 
Marx  and  intermediate  water  switch  precludes 
reproducible  current  diversion  with  a  plasma 
switch.  Instead,  we  report  here  on  the  first  use 
of  an  EMFAPS  driven  by  an  external  pulser, 
triggered  in  our  case  by  the  water-swtich 
output.  A  four-stage  L-C  inversion  pulser  is 
used  to  drive  30-40  kA  through  the  foil  with  a 
10-90  risetime  of  20  ns.  An  array  of  30,  RG- 
223  cables  connects  the  pulser  to  the  foil 
though  the  Gamble  n  transit-time  isolator. 
The  total  jitter,  arising  from  the  pulser  and  the 
Gamble  11  oil  output  switch,  is  about  15  ns, 
which  is  seen  to  be  acceptable. 

The  EMFAPS  anode  and  experimental 
arrangement  used  in  bench  tests  are  shown,  in 
Fig.  la.  The  anode  comprises  an  epoxy 
substrate  cast  between  a  stainless  outer  ring 
and  a  thin  brass  inner  ring.  First,  copper 
current  contacts  are  sputter-deposited  over  the 
epoxy-metal  joints.  Then,  400  to  1200-A 
aluminum  films  are  sputter-deposited  over  the 
entire  anode  face.  These  films  are 
characterized  by  a  thin-film  monitor  during 
deposition  and  by  electrical  resistance 
measurements  afterwards.  Typical  film 
resistance  is  about  four  times  the  bulk  value. 


Photodiode  Spectrograph  with 
Wm  and  PMT 

k 


spun  brass  ||  Vottage  monKof  Open-shutter 
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Fig.  1 ;  The  EMFAPS  arrangement  used  in  bench  tests  (left)  and  Gamble  11  experiments  (right). 


The  foil  voltage  is  measured  by  a  probe 
with  connections  on  the  front  side  to  eliminate 
inductive  pickup.  Electrical  data  from  a  1200- 
A  foil  are  shown  in  Fig.  2a.  The  foil  resistance 
breaks  down  after  an  energy  input  of  about  1.5 
J.  Both  this  value,  and  the  foil  resistance,  are 
consistent  with  breakdown  occurring  at  melt. 
This  is  the  expected  behavior  of  an  EMFAPS, 
since  melting  results  in  strong  gas  desorption. 

Other  diagnostics  used  to  study  the 
EMFAPS  operation  are  shown  in  Fig.  la. 
Open-shutter  photographs  show  some  arcing 
at  the  foil  contacts  that  varies  shot-to-shot, 
although  streak  photography  indicates  that 
these  arcs  tend  to  occur  after  the  times  of 
interest.  A  HeNe  interferometer  with 
heterodyne  phase  detection  is  used  to  measure 
the  electron  density.  The  observed  density  is 


seen  to  be  localized  to  within  1.5  mm  of  the 
cathode  surface  during  the  times  of  interest. 
Typical  data  are  shown  in  Fig.  2b.  The 
negative  phase  shift  late  in  time  indicates  a 
large  neutral  component  that  may  also  be 
affecting  the  phase  shift  earlier  in  time.  Two- 
color  interferometry  is  planned  for  the  future 
to  allow  resolution  of  both  components. 

The  diode  arrangement  on  (jamble  II, 
along  with  a  typical,  calculated  field  geometry, 
is  shown  in  Fig.  lb.  This  calculation,  which 
includes  the  effects  of  magnetic  field  diffusion 
through  the  anode  and  cathode  structures,  is 
performed  using  the  code  ATHETA.^  We 
have  recently  measured  rA^  directly,  and 
found  a  discrepancy  with  the  code  predictions. 
The  cathode  coil  flux  into  the  diode  gap  is 
about  20%  greater  than  predicted,  which  has 


Fig.  2;  Electrical  (left)  and  electron  density  (right)  data  from  EMFAPS  bench  experiments. 
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Figure  3:  Electrical  waveforms  obtained  with  (left)  and  without  (right)  driving  the  EMFAPS  on  Gamble  II  shots. 


the  effect  of  pushing  the  separatrix  back  into 
the  anode.  We  are  studying  this  discrepancy 
further. 

The  ion  beam  is  transported  through  1- 
Torr  air,  which  is  separated  from  the  diode 
vacuum  by  a  1.8-tt  polycarbonate  foil  located 
behind  the  cathode  tips. 

Diode  electrical  data  from  our  best  shot  to 
date  is  shown  in  Fig.  3  a.  This  shot  had  the 
calculated  field  geometry  shown  in  Fig.  lb, 
with  the  above  caveat.  The  ion  current  begins 
early  with  reasonable  efficiency.  Later  in  time, 
the  electron  loss  increases,  loading  down  the 
generator  and  limiting  the  ion  beam  energy  to 
1 5  kJ.  The  effect  of  the  EMFAPS  is  seen  by 
comparing  these  data  to  those  in  Fig.  3  b,  from 
a  similar  shot  taken  without  driving  the  foil 
current.  Here  the  ion  current  begins  much 
later  although  the  diode  actually  shorts  out 
earlier.  The  lower  early-time  impedance 
obtained  with  the  EMFAPS  \\dll  allow  the 
diode  to  be  operated  at  higher  power  in  the 
future  without  insulator  flashover. 

Shots  have  been  taken  with  different 
magnetic  field  configurations,  pulser  delays, 
foil  thicknesses  and  foil  resistivities.  The 
anodes  used  on  some  shots  had  a  lS-\i  thick 
copper  insert  cast  into  the  epoxy  at  a  distance 
of  2  mm  behind  the  anode  surface.  This  insert 
is  designed  to  conserve  flux  during  the  shot 
timescale,  preventing  the  expanding. 


diamagnetic  electron  cloud  from  pushing  flux 
into  the  anode  during  the  shot. 

The  pulser  delay  has  been  the  most 
important  parameter  to  date.  In  general, 
increasing  the  delay  (up  to  at  least  80  ns) 
hastens  the  diode  current  onset  without 
affecting  the  time  of  impedance  collapse.  The 
need  for  such  a  long  delay,  and  the  large 
neutral  component  to  the  anode  plasma 
mentioned  previously,  indicate  that  the  pulser 
may  not  be  driving  the  foil  hard  enough. 

Little  or  no  effect  of  foil  thickness  or 
resistivity,  or  the  use  of  an  anode  insert,  is 
seen.  Changes  in  the  field  configuration  on  the 
order  of  10  percent  have  shown  little  effect. 
Future  experiments  using  a  more  optimum 
field  configuration  (i.e..  Fig  lb)  may  show 
more  sensitivity  of  diode  performance  to  these 
variables. 

The  ion  beam  is  diagnosed  using 
shadowbox  techniques  and  Rutherford 
scattering.  The  shadowbox  data  show  a 
microdivergence  on  the  order  of  20  mrad,  and 
some  angular  momentum.  The  latter  is 
expected  because  of  the  separatrix  location 
inside  the  anode  that  existed  on  these  shots. 
The  90-degree  Rutherford  scattering  yield 
from  a  thick  aluminum  target  is  compared  in 
Fig.  4a  with  the  signal  predicted  based  on  the 
ion  current  and  voltage  waveforms,  the 
assumed  total  beam  area,  and  the  scattering 
geometry.  The  prediction  has  an  uncertainty 
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Figure  4;  Observed  and  calculated  signals  from  Rutherford  scattering  (left)  and  a  large-aperture  Faraday  cup  (right). 


of  about  20  percent.  The  signals  are  similar  in 
shape  although  the  observed  signal  is  lower 
than  predicted.  In  general,  reasonable  shape 
agreement  is  observed,  including  signals  from 
shots  where  the  detector  was  located  far 
enough  away  to  resolve  differences  in  the  ion 
voltage.  Averaged  over  9  shots,  the  integral  of 
the  observed  signal  is  65  percent  of  the  integral 
of  the  predicted  signal.  This  is  evidence  of  a 
non-protonic  component  of  the  ion  beam,  since 
the  p-i-n  had  a  foil  filter  that  would  stop  any 
heavier  ions. 

A  large-aperture  Faraday  cup^  was  used 
to  diagnose  the  ion  beam  on  one  shot.  This 
cup  is  unbiased  and  was  located  1.5  cm  behind 
the  cathode  foil,  where  the  diode  magnetic 
field  provides  good  insulation  of  secondaries 
and  co-moving  electrons.  The  cup  is 
terminated  with  a  0.05-n  shunt  to  reduce  the 
voltage  produced.  Calculated  and  observed 
signals  are  compared  in  Fig.  4b.  The  tail  on 
the  observed  signal  is  not  understood  at 
present.  The  observed  signal  is  about  70 
percent  of  the  predicted  value,  a  value 
consistent  with  the  Rutherford  scattering  data. 

In  order  to  obtain  ion  beam  parameters 
adequate  for  transport  experiments,  the  diode 
impedance  late  in  time  must  be  increased 
without  sacrificing  the  early  ion  current  onset. 
We  plan  to  accomplish  this  by  increasing  the 
diode  gap  while  driving  the  foil  with  more 
current.  A  Marx-waterline  pulser,  capable  of 


driving  over  50  kA  through  the  foil,  has  been 
constructed  and  will  be  used  in  future 
experiments.  The  aluminum  anode  foil  will  be 
replaced  by  hydrogen-loaded  titanium  in  effort 
to  boost  the  proton  component  of  the 
beam.'^>^  The  use  of  a  more  optimum  field 
geometry  is  also  expected  to  improve  the 
diode  performance. 

In  conclusion,  we  have  demonstrated 
operation  of  an  EMFAPS  driven  by  an  external 
current  source  in  an  extraction  applied-B 
diode.  Future  improvements  to  the  diode  are 
expected  to  produce  an  ion  beam  with 
parameters  suitable  for  transport  research. 
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TITLE:  ANALYSIS  OF  APPLIED-B  DIODE  RUNS  9  AND  10 

Author:  D.  Hinshelwood 

Date:  March  14,  1995 

Abstract:  This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the 
reams  of  applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose 
here  is  to  get  the  data  out  on  the  table  and  to  identify  the  best  shots,  obvious 
trends,  and  any  unexpected  results. 

The  major  difference  between  these  and  previous  runs  is  that  the  diode  is 
operating  at  lower  impedance,  with  some  shots  exhibiting  PFD-like  behavior 
and  all  shots  showing  rapid  current  onset.  Since  this  effect  is  seen  on  no-pulser 
shots  as  well,  it  is  not  solely  due  to  the  higher  pulser  current  on  this  run. 

This  trend  toward  lower  impedance  is  a  continuation  from  runs  7  and  8.  One 
possibility  is  that  this  trend  is  due  to  particulars  of  the  anode  foils.  Data  from 
this  run  gives  further  indication  of  the  effect  of  the  anode  conditions  on  the 
diode  impedance,  and  indicates  that  material  does  expand  very  quickly  from 
the  foils. 

Another  possibility  is  that  the  trend  is  due  to  changes  in  the  fields.  It  is 
interesting  to  note  that  in  going  from  runs  5  to  7  to  8  to  9  and  10,  the 
separatrix  was  moved  out  from  behind  the  anode,  and  the  flux  surfaces  moved 
from  slanting  in  at  small  radii,  to  straight.  This  would  have  the  effect  of 
decreasing  the  uniformity  of  insulation  with  radius. 

One  encouraging  trend  is  that  the  beam  angular  momentum  seems  to  vary  with 
the  fields  in  a  predictable  way,  and  is  tunable. 

As  stated  before,  further  study  of  the  EMFAPS  process,  and  field  mapping,  are 
imperative. 

While  further  study  with  better  diagnostics,  etc.,  may  show  us  the  way  to 
improve  the  diode,  we  should  always  keep  Krasik’s  conundrum  (CK)  in  mind: 
even  if  we  understand  the  diode  perfectly,  what  can  we  do,  that  we  have  not 
done  already,  to  improve  it?  At  this  time,  the  answer  to  Ck  is  not  obvious. 
However,  we  know  that  we  can  obtain  good  diode  performance  at  high 
impedance  under  flashover  conditions.  Therefore,  if  all  else  fails,  we  can  go  to 
a  parallel  electron-diode,  or  maybe  even  a  PFD,  load  to  suppress  flashover. 


INTRODUCTION 


This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the  reams  of 
applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose  here  is  to  get  the  data 
out  on  the  table  and  to  identify  the  best  shots,  obvious  trends,  and  any  unexpected  results. 
No  attempt  will  be  made  to  draw  final  conclusions  yet.  To  date  there  have  been  ten  ME) 
runs.  The  first  three  runs  used  wax-filled-groove,  hereafter  referred  to  as  passive,  anodes. 
Run  4  was  our  only  attempt  with  POS-driven,  EMFAPS  anodes.  Run  5  was  the  first  run 
using  a  pulser  to  drive  the  EMFAPS  anodes.  On  run  6,  EMFAPS  anodes  were  used 
without  the  pulser.  In  this  case  the  early  electron  loss  current  returning  through  the  anode 
foil  is  used  to  form  the  anode  plasma.  These  will  be  referred  to  as  limiter-EMFAPS 
anodes,  although  a  physical  limiter  was  rarely  used.  Runs  7-10  used  pulser-EMFAPS 
anodes.  Results  from  runs  5,  6,  7,  and  8  have  already  been  presented  in  TN’s  95-01,  95- 
02,  95-03,  94-16,  and  95-04.  This  note  is  a  further  analysis  of  run  8,  with  some  fresh 
observations. 

MASTER  SPREADSHEET 

The  enclosed  spreadsheet  lists  all  shots  of  this  run  other  than  short-circuit  shots.  This  is 
part  of  an  evolving  master  spreadsheet  that  will  summarize  all  of  our  MID  data.  The  first 
page  gives  the  basic  shot  parameters.  The  column  “voc2i”  on  the  RAW  sheet  refers  to  the 
integral  of  VOC^.  This  quantity  is  now  used  to  normalize  energies.  The  column  “e2(kJ)” 
refers  to  the  integral  of  VCOR  x  IK2T,  and  is  a  weighted  measure  of  the  current  emitted 
from  the  inner  cathode. 

The  second  sheet  presents  some  of  the  shot  parameters  in  more  useful  form.  (Obvious 
dud  shots  are  not  included  on  this  sheet.)  The  second  column  gives  the  closest  A-K  gap, 
i.e.,  the  distance  between  the  cathode  tips  and  the  anode. 

The  values  “e2/e”  “e4/e”,  and  “ei/e”  are  the  ratios  of  the  inner-cathode,  outer  cathode,  and 
ion  energies  to  the  total  energy  (these  add  up  to  unity).  The  values  “el9”  and  “eil9”  give 
the  total  and  ion  energies,  normalized  to  shot  6019  by  assuming  that  the  energies  scale  as 
voc2i.  Shot  6019  had  a  typical  open-circuit  voltage  for  a  32  kV  Marx  charge. 

OVERVIEW  OF  RUNS  9  AND  10 

These  runs  comprised  30  shots,  at  32-kV  Marx  charge.  We  had  two  problems  with  the 
anode  field  coils  on  these  runs.  An  intermittent  breakdown  in  the  cable  to  one  of  the 
anode  coils  bedeviled  us  during  run  9.  This  resulted  in  3  shots  with  one  of  the  anode  fields 
missing  and  the  other  changed  in  amplitude  (because  of  mutual  coupling);  these  shots  are 
worthless.  On  run  ten,  IIA  caused  the  machine  to  prefire  on  5  shots.  Since  the  prefire 
occurred  at  the  start  of  IIA,  these  are  effectively  field-free  shots  and  they  will  be  analyzed 
further  in  a  later  note.  (This  prefire  problem  is  still  not  understood.  It  may  be  related  to 
the  existence  of  a  high-resistance  short  to  ground  in  both  of  the  anode  coils.  If  so,  use  of 
the  new  anode  coil  set  kindly  supplied  by  Mike  Cuneo  will  solve  the  problem.  In  any 
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event,  we  will  resolve  this  problem  before  the  next  run.)  Three  other  shots  were  lost 
because  of  machine  problems,  leaving  19  ‘good’  shots. 

The  outer  vacuum  hardware  was  modified  for  these  runs  to  allow  visual  access  to  the 
anode  (for  future  studies)  and  reduce  the  number  of  seals.  After  run  9,  the  anode  stalk 
was  cut  down  to  increase  the  coil  set  gap  by  2  mm.  At  present  there  is  a  ~1  mm 
uncertainty  in  some  of  the  diode  gap  measurements,  resulting  from  possible  variations  in 
flexing  of  the  urethane  insulator.  I  am  fairly  sure,  though,  that  the  nominal  gap  in  run  9 
was  0.5  mm  smaller  than  that  on  run  8,  and  the  nominal  gap  in  run  10  was  1.5  mm  larger 
than  the  run  8  gap.  On  several  shots  during  these  runs,  different  cathode  tips  were  used  to 
provide  gaps  different  from  the  nominal  values. 

Before  run  9,  direct  measurements  of  rA©  were  performed  for  the  first  time.  These 
measurements  showed  that  the  field  was  different  than  predicted  by  ATHETA.  This 
discrepancy  is  still  being  investigated.  Because  of  this,  the  fields  used  at  the  beginning  of 
both  runs  9  and  10  were  determined  based  on  in  situ  measurements  of  rA©  at  the  anode 
plane.  The  coil  currents  and  timings  were  adjusted  to  place  the  separatrix  at  the  anode 
plane.  These  runs,  then,  have  the  only  shots  so  far  where  we  know  this  to  be  the  case. 
(Note:  on  all  run  9  shots  but  6224,  and  on  6283  of  run  10,  the  lOA  and  IIA  timings  were 
reversed.  This  was  taken  into  account  during  the  measurements,  but  means  that  the  coil 
settings  cannot  be  compared  by  inspection  with  those  on  other  shots.) 

Six  of  the  7  useful  shots  on  run  9  have  the  same  field  shape,  henceforth  referred  to  as  the 
‘6218  fields’.  Again,  this  shape  has  the  separatrix  at  the  anode  surface.  The  sixth  shot, 
shot  6224,  was  taken  with  the  6017  fields  used  in  two  run-7,  and  most  run-8,  shots.  Six 
of  the  12  useful  shots  on  run  10  were  taken  with  the  initial,  shot-6276,  fields.  The  shot- 
6276  fields  also  had  the  separatrix  on  the  anode,  but  had  stronger  inner  fields  relative  to 
those  on  shot  6218. 

The  foils  differed  from  those  in  previous  runs.  For  runs  7  and  8,  the  anodes  were  cast  so 
as  to  produce  a  very  smooth  epoxy  surface.  During  bench  tests  prior  to  run  9,  we  found 
that  if  the  epoxy  were  lightly  roughened  (~600  grit)  prior  to  coating,  the  foil  breakdown 
had  very  uniform  luminosity.  On  these  runs,  then,  foils  were  coated  on  roughened  anodes. 
This  resulted  in  more  resistive  foils  than  in  the  past.  The  reason  for  this  effect  of  surface 
roughness  on  breakdown  luminosity  is  as  yet  unknown.  John  Greenly  has  suggested,  and  I 
tend  to  agree,  that  with  a  rough  surface  the  foil  may  have  many  micro-regions  of  reduced 
thickness  that  form  distributed  breakdown  sites.  These  would  effectively  cause  the 
breakdown  process  to  ‘multichannel’  in  the  same  way  that  a  sandblasted  cathode  is  a 
uniform  explosive-emitter. 

A  new  pulser  was  used  for  these  runs.  The  foil  current  was  increased  from  about  35-40 
kA  in  runs  7  and  8,  to  50-55  kA  here. 

The  usual  electrical  diagnostics  were  used  on  this  run.  Only  two  shots  had  useful 
shadowbox  data,  and  no  other  beam  diagnostics  were  used. 
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COMPARISON  WITH  RUNS  7  AND  8 


Typical  open-circuit  voltage  waveforms  from  these  runs  are  compared  in  Fig.  1 .  Because 
of  modifications  to  the  oil  switch  after  run  8,  the  duration  of  the  prepulse  is  greatly 
reduced. 

Shot  6224  was  the  only  shot  on  these  runs  with  the  same  fields  as  shots  on  previous  runs. 
The  impedance  history  for  this  shot,  with  ‘6017’  fields,  is  compared  with  those  from  four 
run  8  shots  in  Fig.  2.  Shot  6224  shows  a  rather  rapid  current  onset  considering  the  short 
delay.  The  subsequent  behavior  is  not  obviously  different  from  the  run  8  shots. 

IMPEDANCE  BEHAVIOR  ON  RUNS  9  AND  1 0 

Impedance  traces  from  the  first  three  shots  with  6218  fields  are  shown  in  Fig.  3.  Note  that 
in  this  and  all  following  figures,  the  axis  starts  at  20  ns,  rather  than  40  ns  as  in  most 
impedance-trace  figures  in  previous  teknotes.  In  general,  both  current  onset  and 
impedance  collapse  occurred  much  quicker  on  runs  9  and  10  than  before.  The  traces  in 
this  figure  show  the  expected  behavior  in  that  with  higher  fields  and  reduced  delay  (i.e.,  no 
pulser)  the  onset  occurs  later  and  the  diode  operates  at  higher  impedance.  Shot  6218 
shows  behavior  suggestive  of  a  PFD,  where  the  diode  turns  on  very  quickly  and  operates 
relatively  stably  at  a  very  low  impedance. 

Figure  4  shows  data  from  shots  with  the  same  fields,  and  similar  delays,  but  different  gaps. 
Here  the  gaps  were  changed  by  using  different  cathode  tips  without  changing  the  coil  set 
separation.  Again  as  might  be  expected,  onset  is  delayed  as  the  gap  is  increased.  It 
appears  that  the  diode  operating  impedance  on  these  shots  is  independent  of  the  gap, 
which  is  surprising.  However,  the  wiggles  on  the  impedance  traces  provide  a  ‘noise’  that 
may  be  obscuring  a  difference  in  behavior. 

Shots  with  coil-set  separations  differing  by  2  mm,  but  the  same  gap,  are  compared  in  Fig. 
5.  Here,  the  later  onset  on  shot  6283  may  be  attributed  to  the  shorter  delay.  This  shot 
appears  to  short  out  earlier,  but  it  is  hard  to  tell. 

More  comparisons  of  shots  with  different  gaps  are  shown  in  Fig.  6.  All  shots  had  6276 
fields.  Decreasing  the  gap  by  2  mm  (shot  6277)  results  in  a  slightly  faster  onset  and  lower 
impedance,  but  the  difference  is  barely  out  of  the  ‘noise’.  Increasing  the  inner  gap  only 
(shot  6278)  shows  no  discernible  effect.  With  a  larger  gap  (shot  6281)  onset  is  later  and 
the  diode  operates  at  higher  impedance,  but  this  difference  may  also  be  due  to  the  shorter 
delay. 

The  bottom  line  here  is  that  changing  the  gap  affects  the  impedance  in  the  expected 
direction,  but  the  magnitude  of  this  effect  is  less  than  I  would  have  guessed.  Again,  the 
‘noise’  here  may  be  obscuring  things;  because  the  diode  operates  at  a  relatively  low 
impedance  on  these  shots,  a  large  fractional  change  in  impedance  may  be  hard  to  observe. 
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Figure  7  compares  shots  with  6218  and  6276  fields  and  the  same  gap.  Again,  these  fields 
both  had  the  separatrix  on  the  anode,  but  the  inner  fields  are  relatively  larger  in  the  6276 
configuration.  For  shots  with  simitar  delays,  any  difference  is  again  obscured  by  the  noise. 

The  anode  is  seen  to  affect  the  impedance  behavior  as  is  seen  in  Figs.  8-10.  Shot  6226  in 
Fig.  8  was  taken  with  a  standard,  EMFAPS  anode  that  was  lightly  coated  with  Aerodag. 
Such  anodes  were  examined  on  a  few  bench  shots,  with  the  interferometric  data  pointing 
to  a  very  high  density  at  the  anode  surface.  The  one  machine  shot  with  an  Aerodag  anode 
is  seen  to  be  virtually  a  dead  short. 

Shots  with  EMFAPS  and  passive  (wax-groove)  anodes  are  compared  in  Figs.  9-10.  Even 
without  the  pulser,  the  EMFAPS  anodes  are  seen  to  produce  a  faster  current  onset.  It  is 
possible  that  this  difference  is  not  due  to  the  anode  structure,  but  to  the  anode  width.  The 
passive  anodes  used  in  these  shots  had  a  1-cm  delta-r,  whereas  the  active  area  of  the 
EMFAPS  anodes  was  about  1.8  cm.  We  had  planned  to  resolve  this  with  a  shot  using  a 
narrow,  EMFAPS  anode,  but  the  oil  switch  breakdown  at  the  end  of  the  run  prevented 
this. 

While  obviously  not  conclusive,  the  data  in  Figs.  8-10  are  further  indication  the  impedance 
behavior  is  significantly  influenced  by  the  EMFAPS  anode. 

Two  no-pulser  shots  are  compared  in  Fig.  11.  Here,  a  30  percent  increase  in  one  of  the 
four  fields  on  shot  6279  is  seen  to  produce  a  marked  change  in  impedance  behavior. 
When  shot  6279  flashes,  it  is  operating  at  six  times  the  impedance  of  shot  6280.  Shot 
6279  also  operated  at  higher  ion  efficiency  until  the  flash.  On  Gamble  II,  the  impedance 
has  been  less  sensitive  to  the  applied  field  than  this,  although  the  behavior  here  is  not 
atypical  of  MID  experiments  in  general.  Perhaps  at  these  higher  impedances,  the  diode  is 
operating  more  like  the  ‘typical’  MID. 

TYPICAL  ELECTRICAL  DATA 

The  photodiode  signal  on  this  run  shows  the  same  general  agreement  with  the  calculated 
trace,  that  was  seen  in  other  runs.  On  shots  6276-6283,  the  IK2  scope  had  a  large  noise 
pickup  which  obscured  the  signal,  and  so  IK2  has  been  set  to  zero  for  these  shots.  Since 
the  subsequent  shots  had  a  very  low  IK2,  neglecting  it  for  shots  6276-81  does  not 
introduce  a  significant  error. 

\ 

Data  from  shot  6218  is  shown  in  Fig.  12.  This  shot  exhibits  the  general  behavior  seen  in 
runs  7  and  8:  the  diode  starts  out  at  reasonable  efficiency,  but  after  about  30-40  ns,  the 
electron  loss  increases  greatly.  Most  EMFAPS  shots  in  runs  9  and  10  are  qualitatively 
similar. 

The  no-pulser  shot  6290,  in  Fig.  13,  operates  at  a  high  ion  efficiency  during  the  entire 
pulse,  although  the  impedance  still  crashes.  The  data  show  a  general  (albeit  faint)  trend  to 
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higher  efficiency  as  the  pulser  delay  is  reduced.  The  ion  efficiency  is  plotted  against  the 
pulser  delay  in  Fig.  14. 

In  analyzing  these  runs  sequentially,  it  is  easy  to  forget  data  from  earlier  runs.  Just  for  fun, 
let’s  look  at  a  no-pulser  shot  from  run  5  in  Fig.  13a.  Shot  5827  has  a  high  ion  impedance 
like  shot  6290,  but  operates  at  a  higher  impedance,  with  a  later  onset  and  then  much 
slower  impedance  collapse.  This  shot  had  (I  think)  a  1-mm-greater  coil-set  separation  and 
a  1-mm-smaller  gap  than  shot  6290.  With  no  pulser  and  a  similar  gap,  these  shots  differ 
only  in  the  fields,  the  anode  foil  specifics,  and  the  active  anode  area,  which  was  a  bit 
narrower  (1.5  rather  than  1.8  cm)  on  shot  5827. 

Data  from  the  best  EMFAPS  shot  is  shown  in  Fig.  15.  This  shot  shows  the  same  general 
features  as  shot  6218  but  operates  at  higher  ion  efficiency  until  it  flashes.  Impedance 
traces  for  this  and  for  shot  6017  are  compared  in  Fig.  15a.  The  slower  onset  on  shot  6282 
can  be  attributed  to  the  shorter  pulser  delay.  As  with  most  shots  on  this  run,  the 
subsequent  impedance  collapse  is  faster  than  on  previous  runs. 

Data  from  one  of  the  passive  shots  is  shown  in  Fig.  16.  The  other  two  passive  shots, 
which  had  earlier  flashovers,  have  similar  waveforms  until  the  shots  flash.  With  the 
passive  anode,  the  current  rises  more  slowly  than  on  the  EMFAPS  shots.  The  diode 
operates  at  a  more  desirable  impedance  for  transport  experiments,  but  the  resulting 
flashover  limits  the  pulse. 

ENERGY  PARTITION 

A  glance  at  the  spreadsheet  shows  that  the  energy  partition  varied  widely  on  this  run  and 
so  I  have  not  compiled  any  averages.  In  general,  the  ion  efficiency  is  lower  than  on 
previous  runs.  The  passive  shots  are  seen  to  have  higher  ion  efficiencies. 

BEAM  DIAGNOSTICS 

Only  two  shots  produced  shadowbox  data  on  these  runs  (the  shadowbox  was  fielded  on 
several  shots  in  run  9  but  no  damage  was  observed  because  of  the  low  ion  voltages). 
Targets  from  passive-anode  shots  6293  and  6294  are  shown  in  Figs.  17  and  18.  Shot 
6294  had  the  6276  field  shape,  with  the  separatrix  at  the  anode.  Shot  6293  had  a  higher 
relative  lOA,  which  would  be  expected  to  push  the  separatrix  toward  the  cathode.  Shot 
6294  shows  no  average  angular  momentum  as  predicted,  which  is  encouraging.  However, 
note  that  the  spots  are  displaced  in  different  directions  at  different  azimuthal  locations. 
This  is  reminiscent  of  the  odd  results  from  two  shots  in  run  8  and  is  not  understood.  Shot 
6293  shows  angular  momentum  of  the  opposite  sign  as  the  shots  in  previous  runs.  This, 
again,  is  as  predicted,  because  on  previous  runs  the  separatrix  is  now  believed  to  have 
been  behind  the  anode. 

Radial  projections  for  these  shots  are  shown  in  Fig.  19.  As  mentioned  in  the  previous 
note,  we  have  to  be  careful  about  interpreting  such  projections.  It  is  interesting  that 
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pushing  out  the  outer  anode  field  seems  to  make  the  beam  expand.  This  might  be 
expected  assuming  electrostatic  focusing  between  the  anode  and  the  virtual  cathode  lying 
on  one  of  the  field  lines. 

A  photograph  of  the  anode  damage  is  shown  in  Fig.  20.  It’s  hard  to  see  in  the  Xerox,  but 
this  anode  has  a  ring  of  damage  at  the  outside,  with  spokes  going  inward.  (I  leave  their 
explanation  to  the  theorists).  Shots  with  more  electron  loss  show  more  uniform  damage, 
while  shots  with  lower  loss  show  damage  only  at  the  outside.  This  is  reasonable:  With 
the  separatrix  at  the  anode,  the  insulation  will  be  weaker  at  the  outer  edge  and  more 
damage  would  be  expected  there.  To  the  extent  that  damage  is  a  threshold  phenomenon, 
one  would  expect  more  apparent  uniformity  as  the  total  loss  increases. 

SUMMARY 

In  this  first  cut  at  revisiting  the  MID  data,  I  will  attempt  to  answer  four  questions  for  each 
run: 

(1)  What  are  the  key  shots,  in  terms  of  performance,  for  each  run? 

Shot  6282  was  the  best  EMFAPS  shot.  Shot  6290,  a  no-pulser  shot,  showed  high 
efficiency  during  the  entire  pulse.  Shot  6293  is  a  good  example  of  a  passive-anode  shot. 
Shot  6218,  while  not  impressive  in  terms  of  results,  shows  the  interesting  PFD-like 
behavior  seen  on  some  shots  from  other  runs. 

(2)  Which  field  configurations  should  we  concentrate  on  mappihg  out? 

The  profiles  used  on  shots  6218,  6276,  6279,  6282,  and  6293  account  for  all  shots  in 
these  runs  except  for  6224,  which  used  the  6017  fields.  We  might  as  well  map  out  all  five 
fields,  then. 

(3)  What  are  the  significant  trends  in  the  data? 

The  major  difference  between  these  and  previous  runs  is  that  the  diode  is  operating  at 
lower  impedance.  Shots  on  this  run  have  traces  toward  the  left  of  the  ‘universal’  family  of 
impedance  traces  suggested  in  the  previous  note,  with  some  shots  exhibiting  PFD-like 
behavior  and  all  shots  showing  rapid  current  onset.  Since  this  effect  is  seen  on  no-pulser 
shots  as  well,  it  is  not  solely  due  to  the  higher  pulser  current  on  this  run. 

This  trend  toward  lower  impedance  is  a  continuation  from  runs  7  and  8.  One  possibility  is 
that  this  trend  is  due  to  particulars  of  the  anode  foils.  For  example,  there  were  shots  in 
run  8  that  showed  unusually  fast  impedance  collapse,  with  no  other  obvious  cause.  Also, 
the  results  with  the  Aerodag  anode,,  and  the  comparisons  of  passive  and  EMFAPS  anodes, 
indicate  an  influence  of  the  anode  characteristics  on  the  diode  impedance. 

Another  possibility  is  that  the  trend  is  due  to  changes  in  the  fields,  either  in  shape  or 
magnitude.  With  different  shapes,  magnitudes  cannot  really  be  compared,  and  it  is 
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impossible  to  estimate  how  Vcrit  changes  as  the  fields  change.  Nonetheless,  the  fields  on 
runs  9  and  10  were  rather  large  compared  to  earlier  runs.  It  is  interesting  to  note  that  in 
going  from  runs  5  to  7  to  8  to  9  and  10,  the  separatrix  was  moved  out  from  behind  the 
anode,  and  the  flux  surfaces  moved,  from  slanting  in  at  small  radii  to  straight.  This  would 
have  the  effect  of  decreasing  the  uniformity  of  insulation  with  radius. 

One  encouraging  trend  is  that  the  beam  angular  momentum  seems  to  vary  with  the  fields 
in  a  predictable  way,  and  is  tunable. 

(4)  What  are  the  most  puzzling  features  to  these  data? 

All  along,  we  have  been  surprised  that  the  pulser  (or  more  properly,  the  lack  of  it)  has  not 
had  a  larger  effect.  Data  from  this  run  is  even  more  surprising,  where  no-pulser  shots  also 
exhibit  rapid  impedance  collapse.  And  while  I  hate  to  make  too  much  of  one  shot,  the 
Aerodag  anode  shot  is  unexpected.  The  dead  short  on  shot  6226  implies  that  material 
from  the  foil  breakdown  has  gotten  well  into  the  gap  quite  rapidly.  These  data,  and  the 
PFD-like  shots,  imply  that  material  does  expand  very  quickly  from  the  foils. 

CONCLUSIONS 

I  repeat  from  TN  95-04: 

We  are  in  the  same  trap  as  before:  we  cannot  get  early  the  early  current  onset  necessary 
to  prevent  flashover  without  operation  at  an  undesirably  low  impedance.  As  I  said  in  the 
last  note,  the  anode  source  is  critical  to  resolving  this  problem.  •  To  begin  with,  we  need  to 
determine  to  what  degree  the  effect  of  long  pulser  delay  is  related  to  the  condition  of  the 
resulting  anode  plasma,  and  to  what  degree  it  is  related  to  the  presence  of  plasma  or 
neutrals  in  the  diode  gnp.  Again,  the  SRL  interferometer  will  be  very  useful  here. 

And,  as  before,  another  reason  for  source  study  is  to  obtain  (and  know  that  we  have) 
reproducible  source  operation.  By  keeping  the  source  constant  from  shot  to  shot,  we  will 
have  an  easier  time  investigating  the  effects  of  the  magnetic  field  configuration.  Finally,  as 
usual,  field  mapping  will  be  necessary  to  interpret  fully  the  results  of  this  run. 


While  further  study  with  better  diagnostics,  etc.,  may  show  us  the  way  to  improve  the 
diode,  we  should  always  keep  Krasik’s  conundrum  (Ck)  in  mind:  even  if  we  understand 
the  diode  perfectly,  what  can  we  do,  that  we  have  not  done  already,  to  improve  it?  In  the 
last  note,  I  speculated  that  driving  the  foil  with  a  high  current  and  short  delay  might  be  the 
answer.  However,  shots  on  this  run  with  short,  or  no,  delays,  also  showed  rapid 
impedance  collapse,  so  this  approach  cannot  be  the  whole  answer.  At  this  time,  the 
answer  to  Ck  is  not  obvious.  However,  we  know  that  we  can  obtain  good  diode 
performance  at  high  impedance  under  flashover  conditions.  Therefore,  if  all  else  fails,  we 
can  go  to  a  parallel  electron-diode,  or  maybe  even  a  PFD,  load  to  suppress  flashover. 
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PULSED  POWER  PHYSICS  TECHNOTE  95-04 


TITLE:  (RE)  ANALYSIS  OF  APPLIED-B  DIODE  RUN  8 

Author:  D.  Hinshelwood 

Date:  MarchS,  1995 

Abstract:  This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the 
reams  of  applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose 
here  is  to  get  the  data  out  on  the  table  and  to  identify  the  best  shots,  obvious 
trends,  and  any  unexpected  results. 

Again,  we  see  an  effect  of  pulser  delay  on  the  impedance  traces:  with  longer 
delays,  the  current  onset  begins  earlier.  A  longer  pulser  delay  was  required  on 
this  run  to  obtain  the  same  performance  as  on  run  7.  Some  shots  show 
premature  impedance  collapse.  This  may  be  related  to  a  less-uniform  foil 
breakdown  (arising  from  some  unknown  reason). 

The  shots  on  this  run  had  on  the  average  higher  ion  efficiencies,  but  lower 
coupled  energies,  than  shots  on  run  7.  When  comparing  similar  shots,  e.g., 
6103  and  6017,  the  results  are  in  closer  agreement. 

The  shadowbox  data  causes  me  to  rethink  earlier  analysis  -  we  may  have  to  use 
ATHETA  to  interpret  this  diagnostic. 

As  on  run  7,  Rutherford  scattering  indicates  that  the  beam  has  a  proton 
fraction  of  at  least,  and  probably  significantly  greater  than,  50  percent.  The 
average  fraction  for  this  run  (see  TN  94-19)  is  77  percent. 

We  are  in  the  same  trap  as  before:  we  cannot  get  early  the  early  current  onset 
necessaiy  to  prevent  flashover  without  operation  at  an  undesirably  low 
impedance.  The  anode  source  is  critical  to  resolving  this  problem.  To  begin 
with,  we  need  to  determine  to  what  degree  the  effect  of  long  pulser  delay  is 
related  to  the  condition  of  the  resulting  anode  plasma,  and  to  what  degree  it  is 
related  to  the  presence  of  plasma  or  neutrals  in  the  diode  gap. 

Improved  source  measurements  may  show  us  a  way  to  obtain  a  rapid  current 
onset  without  an  overly  low  impedance.  Perhaps  the  key  will  be  to  drive  the 
foil  with  a  higher  current  but  with  a  reduced  delay. 


INTRODUCTION 


This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the  reams  of 
applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose  here  is  to  get  the  data 
out  on  the  table  and  to  identify  the  best  shots,  obvious  trends,  and  any  unexpected  results. 
No  attempt  will  be  made  to  draw  final  conclusions  yet.  To  date  there  have  been  ten  MID 
runs.  The  first  three  runs  used  wax-filled-groove,  hereafter  referred  to  as  passive,  anodes. 
Run  4  was  our  only  attempt  with  POS-driven,  EMFAPS  anodes.  Run  5  was  the  first  run 
using  a  pulser  to  drive  the  EMFAPS  anodes.  On  run  6,  EMFAPS  anodes  were  used 
without  the  pulser.  In  this  case  the  early  electron  loss  current  returning  through  the  anode 
foil  is  used  to  form  the  anode  plasma.  These  will  be  referred  to  as  limiter-EMFAPS 
anodes,  although  a  physical  limiter  was  rarely  used.  Runs  7-10  used  pulser-EMFAPS 
anodes.  Results  from  runs  5,  6,  7,  and  8  have  already  been  presented  in  TN’s  95-01,  95- 
02,  95-03,  and  94-16.  This  note  is  a  further  analysis  of  run  8,  with  some  fresh 
observations. 

MASTER  SPREADSHEET 

The  enclosed  spreadsheet  lists  all  shots  of  this  run  other  than  short-circuit  shots.  This  is 
part  of  an  evolving  master  spreadsheet  that  will  summarize  all  of  our  MID  data.  The  first 
page  gives  the  basic  shot  parameters.  The  column  “voc2i”  on  the  RAW  sheet  refers  to  the 
integral  of  VOC^.  This  quantity  is  how  used  to  normalize  energies.  The  column  “e2(kJ)” 
refers  to  the  integral  of  VCOR  x  IK2T,  and  is  a  weighted  measure  of  the  current  emitted 
from  the  inner  cathode. 

The  second  sheet  presents  some  of  the  shot  parameters  in  more  useful  form.  (Obvious 
dud  shots  are  not  included  on  this  sheet.)  The  second  column  gives  the  closest  A-K  gap, 
i.e.,  the  distance  between  the  cathode  tips  and  the  anode. 

The  values  “e2/e”  “e4/e”,  and  “ei/e”  are  the  ratios  of  the  inner-cathode,  outer  cathode,  and 
ion  energies  to  the  total  energy  (these  add  up  to  unity).  The  values  “el 9”  and  “eil9”  give 
the  total  and  ion  energies,  normalized  to  shot  6019  by  assuming  that  the  energies  scale  as 
voc2i.  Shot  6019  had  a  typical  open-circuit  voltage  for  a  32  kV  Marx  charge,  so  the 
values  in  columns  17  and  18  might  be  expected  if  the  shots  were  repeated  at  32  kV.  (A  26 
kV  Marx  charge  was  used  for  this  run.) 

RUN  EIGHT  OVERVIEW 

This  run  comprised  36  shots,  at  32-kV  Marx  charge.  As  mentioned  in  TN  94-16,  the  early 
part  of  this  run  was  plagued  with  Marx  trouble  which  resulted  in  several  prefires  and  a  few 
shots  where  the  machine  came  late  relative  to  the  applied  fields.  The  prefires  will  be 
analyzed  along  with  other,  field-free  shots,  in  a  future  note. 

A  smaller  gap  was  used  on  the  first  few  shots.  Also,  the  lOA  and  IIA  coils  were  switched 
with  one  another,  as  was  the  case  on  run  6,  until  shot  6090.  Field  mapping  is  required  to 
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determine  the  resulting  field  on  these  shots.  To  some  degree,  the  change  in  relative 
amplitude  of  10 A  and  HA  will  be  offset  by  the  change  in  relative  delay. 

ATHETA  calculations  subsequent  to  run  7  indicated  that  on  shots  6017  and  6019  (the 
nominal  best  shots  of  the  run)  the  separatrix  was  behind  the  anode,  especially  at  the  inner 
edge.  On  this  run,  the  coil  currents  were  changed,  based  on  ATHETA  predictions,  to  give 
a  more  optimum  field  geometry  with  the  separatrix  closer  to  the  anode  surface.  However, 
the  results  were  deemed  inferior  to  those  on  run  7,  and  we  switched  to  the  6017  fields. 
These  were  used  on  14  of  the  20  good  shots  with  the  correct  coil  connections.  The 
‘optimum’  fields,  by  contrast,  corresponded  to  roughly  15  percent  higher  values  of  IIA 
and  lOA  than  the  ‘6017’  fields.  In  hindsight,  based  on  all  of  the  data  examined  so  far,  I 
would  not  expect  a  major  change  in  diode  performance  to  result  from  this  level  of  field 
change.  Therefore,  I  will  lump  together  shots  at  these  two  field  settings  in  the  following 
analysis.  This  run,  then,  consists  of  20  shots  at  similar  fields,  5  shots  with  different,  and  as 
yet  unknown,  fields,  and  4  shots  with  the  unknown  fields  and  a  smaller  gap. 

The  foils  were  cast  and  coated  under  conditions  similar  to  those  on  run  7.  As  on  run  7, 
these  conditions  resulted  in  thicker,  apparently  smoother,  lower-resistance  foils  than  those 
used  in  runs  5  and  6.  The  net  effect  of  all  of  these  changes  is  unknown  at  present. 
Photographs  of  the  foil  breakdowns  taken  on  bench  tests  before  the  run  suggest  that  foil 
breakdown  may  have  been  a  bit  less  uniform  on  this  run,  but  I  can’t  quantify  this. 

The  usual  electrical  diagnostics  were  used  on  this  run,  with  the  exception  of  the 
photodiode. 

From  shot  6091  on,  the  beam  was  diagnosed  with  the  shadowbox  and  with  Rutherford 
scattering.  The  scattering  results  have  already  been  presented  in  TN  94-19  and  will  only 
be  summarized  here. 

COMPARISON  WITH  RUNS  5,  6,  AND  7 

Typical  open-circuit  voltage  waveforms  from  these  4  runs  are  compared  in  Fig.  1.  These 
have  been  shifted  to  align  the  small  prepulse  that  is  always  present.  Waveforms  from  runs 
5  (26  kV  Marx,  optimized  oil  switch),  6  (26  kV,  un-optimized  switch),  and-7  (32  kV) 
have  about  the  same  timing.  In  contrast,  on  run  8  the  prepulse  has  roughly  doubled  in 
duration  to  20  ns.  This,  longer  prepulse  was  also  seen  on  neighboring  experimental  runs 
and  Steve  attributes  it  to  further  oil  switch  troubles  that  were  fixed  later. 

On  all  runs,  the  time  of  current  onset  is  seen  to  decrease  as  the  pulser  delay  is  increased. 
This  relationship  is  quantified  and  compared  among  runs  in  Fig.  2.  Current  onset  is 
defined  here  as  the  time  when  the  impedance  drops  to  10  O,  as  measured  from  the 
(extrapolated)  start  of  the  main  pulse  of  the  open-circuit  voltage.  Several  shots  are  noted 
on  the  graph:  Shots  6075-6078  had  the  2-mm  smaller  gap  and  crossed  field  connections. 
In  addition,  the  machine  fired  very  late  on  shot  6077,  when  the  fields  had  probably 
decreased.  Shots  6082-6088  had  crossed  field  connections  but  the  normal  gap.  Shot 
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6098  had  the  correct  field  connections  but  a  1-mm  smaller  gap.  Shot  61 10  had  unusual 
impedance  behavior  as  will  be  discussed  later. 

These  data  exhibit  considerable  scatter,  which  may  not  be  surprising  considering  that 
different  field  and  foil  conditions  are  lumped  together.  The  data  from  run  7  lie 
significantly  below  (i.e.,  quicker  current  onsets)  those  from  run  5.  This  was  discussed  in 
TN  95-03  and  attributed  to  the  different  foil  conditions.  The  standard-gap  data  from  run  8 
lie  in  between  data  from  runs  5  and  7.  The  reversed-connection,  standard-gap  shots  from 
run  8  lie  at  the  top  of  the  band  of  run  8  data,  but  their  difference  from  the  correct- 
connection  shots  is  within  the  scatter  and  may  not  be  significant.  (Shot  6082  is  way  out  of 
line,  and  I  would  guess  that  something  was  wrong  with  the  foil  discharge  on  that  shot.) 
The  2-mm-smaller-gap  shots  on  run  8  show  significantly  faster  current  onsets,  but  the  1- 
mm-smaller-gap  shot  6098  does  not. 

Based  on  the  foil  conditions,  I  would  have  expected  the  data  from  runs  7  and  8  to  overlay. 
In  TN  95-03  I  mentioned  that  there  is  some  uncertainty  (-1-1.5  mm)  in  the  gap  on  run  7. 
One  possibility  is  that  run  7  had  a  smaller  gap  than  runs  5  and  8,  and  that  the  smaller  gap, 
rather  than  a  difference  in  foil  behavior,  accounts  for  the  difference  between  runs  5,  7,  and 
8. 

Figures  3-5  compare  impedance  traces  from  shots  in  run  8  with  those  from  shots  in  run  7. 
Shots  are  compared  based  on  current  onset  times  rather  than  on  pulser  delay.  No-pulser 
shots  are  compared  in  Fig.  3.  Shot  5997  from  run  7  did  not  have  exactly  the  same  field  as 
those  from  run  8  but  the  fields  were  close  enough  that  similar  behavior  would  be  expected. 
As  on  run  7,  flashover  occurred  on  many  shots  during  this  run.  This  shows  that  operation 
of  the  diode  at  32  kV  Marx  charge  is  marginal  at  present.  After  flashover,  the  accuracy  of 
the  diode  voltage  monitor  becomes  suspect  and  for  that  reason,  the  impedance  traces  are 
truncated  at  that  time.  Figure  3  shows  some  shots  whose  behavior  resembles  shot  5997. 
Shot  6105,  however,  shows  a  much  faster  impedance  collapse.  This  sort  of  behavior  has 
not  been  seen  on  other  runs:  previous  no-pulser  shots  exhibit  a  rather  slowly-falling 
impedance.  Other  shots  on  this  run  with  small  pulser  delays  show  a  similar,  rapid 
impedance  collapse. 

Run  8  shots  with  moderate  pulser  delays  (about  60  ns)  are  compared  with  the  same  shot 
5997  in  Fig.  4.  There  are  several  shots  from  run  8,  two  of  which  are  shown,  that  show 
impedance  behavior  similar  to  shot  5997.  Again,  however,  there  are  some  shots  that  have 
the  same  current  onset  time  but  much  faster  impedance  collapse.  Two  of  these  shots  had 
a  wider  anode  area,  with  the  outer  diameter  of  the  active  region  close  to  the  diameter  of 
the  outer  cathode  tip;  perhaps  this  contributed  to  the  faster  collapse. 

Shots  with  longer  delays  are  compared  in  Fig.  5.  Several  shots  are  seen  to  have 
impedance  behavior  similar  to  that  of  shot  6017.  Among  these  are  shots  in  both  the 
‘6017’  and  ‘optimum’  field  configurations.  As  seen  in  Fig.  2,  these  shots  had  much  longer 
delays  than  shot  6017.  Shot  6098  in  Fig.  5  had  a  1-mm  smaller  gap,  and  appears  to  show 
a  more  rapid  impedance  collapse  as  might  be  expected. 
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Shot  6083  from  this  run,  with  the  reversed  anode  field  connection,  is  compared  with  shot 
5915  from  run  6  in  Fig.  6.  These  shots  had  the  same  field  shape  but  shot  6083  had  over 
twice  the  field  amplitude  with  only  a  slightly  greater  open-circuit  voltage.  Onset  is  earlier 
on  shot  5915.  Shot  6083  seems  to  show  a  faster  impedance  collapse,  but  the  early 
truncation  due  to  flashover  prevents  a  definitive  statement. 

IMPEDANCE  BEHAVIOR  ON  RUN  8 

Representative  shots  from  Figs.  3-5  are  compared  in  Fig.  7.  The  variation  in  impedance 
behavior  with  delay  time  seen  in  these  shots  is  similar  to  that  seen  in  run  7,  but  at 
correspondingly  longer  delay  times.  One  way  to  look  at  the  run  8  data  is  to  say  that  many 
shots  exhibit  behavior  that  qualitatively  resembles  that  of  run  7  shots,  while  a  few  shots 
show  unusually  rapid  impedance  collapse  and/or  unusually  slow  current  onset. 

Shot  6110  in  Fig.  7  is  such  a  shot,  with  an  uncharacteristically  late  onset  followed  by  a 
rapid  collapse.  It  is  interesting  that  the  three  shots  with  the  fastest,  ‘anomalous’ 
impedance  collapse  (6105,  6106,  and  6110)  had  200  W-min,  rather  than  the  usual  500  W- 
min  foils.  The  two  other  shots  in  the  run  with  thin  foils,  6101  and  6102,  had  unusually 
rapid  onsets  (see  Fig.  5:  shot  6101  has  a  faster  onset,  but  smaller  delay,  than  shot  6103). 
This  apparent  dependence  on  foil  thickness  was  not  seen  in  run  7.  For  example,  shots 
6017  and  6019  in  run  7  have  virtually  identical  impedance  traces  but  different  foil 
thicknesses  of  500  and  200  W-min,  respectively. 

Is  the  occasional,  rapid  impedance  collapse  a  result  of  the  longer  prepulse  during  this  run? 
Or  is  it  related  to  some,  as  yet  undetermined,  nonuniform  foil  breakdown? 

The  shots  with  reversed  connections  and  standard  gap  all  had  early  flashovers,  which 
precludes  a  careful  comparison  of  impedance  traces.  Figures  9  and  10  show  impedance 
traces  from  shots  with  reversed  field  connections  and  2-mm-smaller  gaps.  Figure  9  shows 
examples  of  small-gap  shots  that  exhibit  similar  impedance  behavior  to  that  of  larger-gap 
shots  at  longer  delays.  Figure  10  shows  two  small-gap  shots  with  very  early  onsets:  one 
with  a  longer  delay,  and  one  where  the  machine  came  late,  presumably  after  the  applied 
fields  had  decreased. 

IMPEDANCE  RECONSIDERED(?) 

In  previous  notes,  I  have  pointed  out  apparent  trends  in  impedance  behavior  within  and 
between  different  runs.  As  the  data  has  accumulated,  however,  so  has  the  scatter,  and  I 
am  beginning  to  doubt  some  of  the  earlier  conclusions.  Perhaps  we  should  consider  an 
alternate,  simplified  picture,  as  sketched  in  Fig.  11.  This  envisions  a  universal  family  of 
impedance  curves.  The  curve  for  a  given  shot  depends  on  the  experimental  details,  but  in 
general,  lower  fields,  smaller  gaps,  thinner  foils,  and  especially,  longer  delays,  will  push  the 
shot  to  a  leftward  curve.  Moving  to  this  direction,  the  current  onset  begins  earlier,  and  the 
diode  operates  at  a  lower  impedance.  Eventually,  a  stable,  or  even  rising  impedance 
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occurs,  suggesting  PFD  operation.  While  potentially  attractive,  so  far  this  mode  of 
operation  is  always  characterized  by  an  impedance  that  is  too  low  to  be  interesting. 
Occasionally,  a  shot  will  exhibit  ‘anomalous’  impedance  collapse,  as  indicated  by  the 
dashed  line  in  the  figure. 

TYPICAL  ELECTRICAL  DATA 

Electrical  data  from  shot  6103,  the  nominal  best  shot  of  the  run,  are  shown  in  Fig.  12. 
This  shot  had  a  normalized  ion  energy  of  14  kJ.  The  energy  was  partitioned  as  55%  ions, 
10%  inner  cathode  current,  and  35%  outer  cathode  current.  This  shot  exhibits  the  general 
features  of  many  shots  in  run  7.  These  features  are  also  typical  of  all  shots  during  this  run: 
Initially,  ion  current  is  produced  with  high  efficiency  (some  shots  in  this  run  show  even 
higher  initial  efficiency).  Then,  after  about  40  ns,  the  ion  current  levels  off  while  the 
electron  current  keeps  rising.  This  additional  electron  current  loads  down  the  diode, 
reducing  the  voltage. 

ENERGY  PARTITION 

As  mentioned  in  TN  95-03,  energy  partition  between  ion,  inner-cathode,  and  outer- 
cathode  current  is  a  useful  metric.  For  the  correct-field-connection  shots  of  this  run,  the 
partition  between  ions,  inner  electrons,  and  outer  electrons,  has  an  average  of  (55:10:35), 
with  an  average  normalized  ion  energy  of  10.6  kJ.  By  comparison,  the  averages  for  runs 
5,  6,  and  7  were  (63:6:30),  (42:17:41),  and  (44:13:43),  respectively.  The  average, 
normalized  ion  energies  for  runs  5,6,  and  7  are  14.6,  10.9,  and  12.5  kJ. 

The  energy  partition  on  this  run  shows  no  obvious  dependence  on  any  of  the  experimental 
conditions.  Partitions  on  the  small-gap  and  reversed-connection  shots  are  not  consistently 
different  than  the  above  average. 

Relative  to  run  7,  the  average  ion  energy  is  lower  on  this  run  in  spite  of  the  higher  ion 
efficiency  because  of  less  efficient  energy  coupling  to  the  generator.  The  reduction  in 
energy  coupling  on  this  run  occurs  because  on  the  average,  impedance  collapse  occurs  a 
bit  more  rapidly  than  on  run  7. 

BEAM  DIAGNOSTICS 

A  typical  shadowbox  pattern  is  shown  in  Fig.  13.  The  inferred  radial  trajectories  for  this 
shot  are  shown  in  Fig.  14.  Most  shots  on  this  run  yield  similar  radial  trajectory  plots.  As 
in  run  7,  the  beam  is  seen  to  be  expanding  both  inward  and  outward.  However,  here  orbit 
crossing  is  implied.  I  think  what  is  happening,  though,  is  that  the  simple  ballistic 
projection  backwards  is  invalid  when  angular  momentum  is  present.  With  angular 
momentum,  centrifugal  effects  can  cause  trajectories  that  are  not  a  straight  line  in  r-z 
space.  Therefore,  previous,  radial  analysis  of  shadowbox  data  may  not  be  valid.  To 
interpret  these  data  accurately,  it  may  be  necessary  to  determine  the  applied  fields,  assume 
an  emission  location,  and  predict  the  trajectories  using  ATHETA. 
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A  small  but  consistent  difference  is  seen  between  shots  on  this  run  and  shots  on  run  7  with 
the  same  fields  and  similar  impedance  behavior;  on  this  run  the  trajectories  show  slightly 
more  outward  motion  at  the  beam  outer  radius,  and  slightly  more  inward  motion  at  the 
inside. 

The  inferred  angular  momentum  on  these  shots  is  similar  to  that  for  shots  on  run  7  with 
the  same  fields.  However,  there  is  almost  a  factor  of  two  shot-to-shot  variation  in  angular 
displacement  of  the  spots  in  the  data  here.  This  variation  shows  no  correlation  with 
impedance  behavior. 

To  improve  this  diagnostic  in  the  future,  we  should  expand  the  hole-to-film  distance  and 
try  to  develop  a  time-resolved  version. 

Figure  15  shows  a  strange  film,  where  the  hole  pattern  appears  to  be  offset.  This  was 
observed  on  two  shots  during  the  run;  I  am  sure  that  the  film  was  not  mis-aligned.  These 
data  are  very  odd  and  just  add  to  the  confusion  regarding  this  diagnostic. 

Figures  16  and  17  show  the  film  and  inferred  trajectories  from  a  different  arrangement  that 
sheds  more  light  on  the  current  density  distribution  at  the  anode.  Here,  ion  emission 
appears  to  be  fairly  uniform  across  the  anode  (the  angular  orientation  of  the  film  relative 
to  the  holes  is  not  known  exactly,  so  on  Fig.  16  the  film  and  hole  patterns  are  arbitrarily 
aligned  azimuthally  and  no  information  on  angular  trajectories  can  be  obtained). 

The  pattern  of  electron  damage  on  the  anode  is  worth  noting,  to  the  extent  that  it  is  not 
simply  dominated  by  late  time,  low-energy  electrons.  On  most  of  these  shots,  the  damage 
was  centered  radially,  covering  a  roughly  1.5-cm  radial  band.  On  shots  showing 
premature  impedance  collapse,  the  damage  tended  to  be  peaked  at  the  outer  edge  of  the 
anode. 

Rutherford  scattering  results  are  described  in  TN  94-19. 

SUMMARY 

In  this  first  cut  at  revisiting  the  MID  data,  I  will  attempt  to  answer  four  questions  for  each 
run:  ■ 

(1)  What  are  the  key  shots,  in  terms  of  performance,  for  each  run? 

Shot  6103  is  a  good  example  of  one  of  the  better  shots  from  this  run.  Shot  6078,  which 
had  different  fields  and  a  smaller  gap  but  similar  behavior,  is  also  interesting. 

(2)  Which  field  configurations  should  we  concentrate  on  mapping  out? 
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The  profile  for  shot  6103  was  also  used  on  run  7.  The  new  ones  to  map  out  are  the 
profiles  from  shot  6108  (the  ‘optimum’  fields)  and  shot  6078  (at  two  times  -  when  the 
machine  fired  on  6078  and  also  6077). 

(3)  What  are  the  significant  trends  in  the  data? 

Again,  we  see  an  effect  of  pulser  delay,  and  perhaps  an  effect  of  foil  thickness,  on  the 
impedance  traces:  with  longer  delays,  (and  thinner  foils)  the  current  onset  begins  earlier. 
A  longer  pulser  delay  was  required  here  to  obtain  the  same  performance  as  in  run  7. 
Some  shots  show  premature  impedance  collapse.  This  may  be  related  to  the  longer 
prepulse,  or  to  a  less-uniform  foil  breakdown  (arising  from  some  unknown  reason).  These 
shots  tend  to  have  anode  damage  peaked  toward  the  outer  edge. 

The  shots  on  this  run  had  on  the  average  higher  ion  efficiencies,  but  lower  coupled 
energies,  than  shots  on  run  7.  When  comparing  similar  shots,  e.g.,  6103  and  6017,  the 
results  are  in  closer  agreement. 

The  shadowbox  data  causes  me  to  rethink  earlier  analysis  -  we  may  have  to  use  ATHETA 
to  interpret  this  diagnostic. 

As  on  run  7,  Rutherford  scattering  indicates  that  the  beam  has  a  proton  fraction  of  at  least, 
and  probably  significantly  greater  than,  50  percent.  The  average  fraction  for  this  run  (see 
TN  94-19)  is  77  percent. 

(4)  What  are  the  most  puzzling  features  to  these  data? 

As  on  run  7,  the  most  disturbing  feature  is  the  rather  abrupt  increase  in  electron  loss  that 
occurs  midway  into  the  pulse. 

Also  as  on  run  7,  another  puzzling  feature  is  the  divergent  ion  trajectories,  with  outer  ions 
bending  outward.  This  may  be  explicable  by  more  careful  analysis. 

The  difference  in  pulser  delay  needed  to  obtain  similar  behavior  on  runs  7  and  8  is  not 
understood.  It  is  possible  that  the  gap  on  run  7  was  less  than  that  on  run  8  (as  mentioned 
in  TN  95-03,  there  is  an  uncertainty  about  the  gap  on  run  7). 

CONCLUSIONS 

We  are  in  the  same  trap  as  before:  we  cannot  get  early  the  early  current  onset  necessary 
to  prevent  flashover  without  operation  at  an  undesirably  low  impedance.  As  I  said  in  the 
last  note,  the  anode  source  is  critical  to  resolving  this  problem.  To  begin  with,  we  need  to 
determine  to  what  degree  the  effect  of  long  pulser  delay  is  related  to  the  condition  of  the 
resulting  anode  plasma,  and  to  what  degree  it  is  related  to  the  presence  of  plasma  or 
neutrals  in  the  diode  gap.  Again,  the  SRL  interferometer  will  be  very  useful  here. 
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And,  as  before,  another  reason  for  source  study  is  to  obtain  (and  know  that  we  have) 
reproducible  source  operation.  By  keeping  the  source  constant  from  shot  to  shot,  we  will 
have  an  easier  time  investigating  the  effects  of  the  magnetic  field  configuration.  Finally,  as 
usual,  field  mapping  will  be  necessary  to  interpret  fiilly  the  results  of  this  run. 

Improved  source  measurements  may  show  us  a  way  to  obtain  a  rapid  current  onset 
without  an  overly  low  impedance.  Perhaps  the  key  will  be  to  drive  the  foil  with  a  higher 
current  but  with  a  reduced  delay. 
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TITLE:  ANALYSIS  OF  APPLIED-B  DIODE  RUN  7 

Author:  D.  Hinshelwood 

Date:  February  15,  1995 

Abstract:  This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the 
reams  of  applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose 
here  is  to  get  the  data  out  on  the  table  and  to  identify  the  best  shots,  obvious 
trends,  and  any  unexpected  results. 

The  impedance  behavior  shows  a  consistent  dependence  on  pulser  delay  and 
foil  thickness,  as  current  onset  begins  earlier  with  thirmer  foils  and  longer 
delays.  Current  onset  begins  earlier,  in  general,  than  on  shots  in  run  5,  which 
had  roughly  comparable  fields.  This  earlier  onset  leads  to  flatter  impedance 
histories.  Shots  at  the  longest  delays  exhibit  impedance  behavior  that  is 
suggestive  of  a  PFD.  I  speculate  that  this  difference  from  run  5  results  from 
the  different  foil  and  pulser  conditions. 

In  spite  of  the  improved  impedance  history,  the  shots  on  run  7  have  lower 
normalized  ion  energies,  because  they  operate  at  lower  ion  efficiencies.  In  this 
regard  they  are  similar  to  the  shots  in  run  6. 

Little  effect  of  the  magnetic  field  shape  or  magnitude  is  seen,  over  the  range  of 
fields  used  in  this  run. 

Rutherford  scattering  indicates  that  the  beam  has  a  proton  fraction  of  at  least, 
and  probably  significantly  greater  than,  50  percent. 

Based  on  the  results  so  far,  I  believe  that  we  can  control  the  trajectory  and 
angular  momentum  of  the  ion  beam  by  tuning  the  fields.  Obtaining  both  the 
desired  impedance  behavior  and  high  ion  efficiency  remains  a  problem.  The 
anode  source  is  critical  to  resolving  this  problem.  In  order  for  the  generator  to 
tolerate  the  higher  impedance  required  for  stable,  reasonably  efficient  behavior, 
we  need  to  have  a  rapid  current  onset.  The  trick  will  be  to  optimize  the 
source,  to  provide  the  rapid  onsets  seen  in  this  run,  without  the  subsequent, 
low-impedance  behavior  seen  here.  After  looking  in  more  detail  at  the  results 
of  this  run,  I  am  more  eager  to  study  the  source  further  on  the  bench. 


INTRODUCTION 


This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the  reams  of 
applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose  here  is  to  get  the  data 
out  on  the  table  and  to  identify  the  best  shots,  obvious  trends,  and  any  unexpected  results. 
No  attempt  will  be  made  to  draw  final  conclusions  yet.  To  date  there  have  been  ten  MID 
runs.  The  first  three  runs  used  wax-filled-groove,  hereafter  referred  to  as  passive,  anodes. 
Run  4  was  our  only  attempt  with  POS-driven,  EMFAPS  anodes.  Run  5  was  the  first  run 
using  a  pulser  to  drive  the  EMFAPS  anodes.  On  run  6,  EMFAPS  anodes  were  used 
without  the  pulser.  In  this  case  the  early  electron  loss  current  returning  through  the  anode 
foil  is  used  to  form  the  anode  plasma.  These  will  be  referred  to  as  limiter-EMFAPS 
anodes,  although  a  physical  limiter  was  rarely  used.  Runs  7-10  used  pulser-EMFAPS 
anodes.  Results  from  runs  5,  6,  and  8  have  already  been  presented  in  TN’s  95-01,  95-02, 
and  94-16. 

MASTER  SPREADSHEET 

The  enclosed  spreadsheet  lists  all  shots  of  this  run  other  than  short-circuit  shots.  This  is 
part  of  an  evolving  master  spreadsheet  that  will  summarize  all  of  our  MID  data.  The  first 
page  gives  the  basic  shot  parameters.  The  column  “voc2i”  on  the  RAW  sheet  refers  to  the 
integral  of  VOC^.  This  quantity  is  now  used  to  normalize  energies.  The  column  “e2(kJ)” 
refers  to  the  integral  of  VCOR  x  IK2T,  and  is  a  weighted  measure  of  the  current  emitted 
from  the  inner  cathode. 

The  second  sheet  presents  some  of  the  shot  parameters  in  more  useful  form.  (Obvious 
dud  shots  are  not  included  on  this  sheet.)  The  second  column  gives  the  closest  A-K  gap, 
i.e.,  the  distance  between  the  cathode  tips  and  the  anode. 

The  values  “e2/e”  “e4/e”,  and  “ei/e”  are  the  ratios  of  the  inner-cathode,  outer  cathode,  and 
ion  energies  to  the  total  energy  (these  add  up  to  unity).  The  values  “el 9”  and  “eil9”  give 
the  total  and  ion  energies,  normalized  to  shot  6019  by  assuming  that  the  energies  scale  as 
voc2i.  Shot  6019  had  a  typical  open-circuit  voltage  for  a  32  kV  Marx  charge,  so  the 
values  in  columns  17  and  18  might  be  expected  if  the  shots  were  repeated  at  32  kV.  (A  26 
kV  Marx  charge  was  used  for  this  run.) 

RUN  SEVEN  OVERVIEW 

A  Marx  charge  of  26  kV  was  used  on  the  first  ten  shots  of  this  run.  After  that,  the  Marx 
charge  was  increased  to  32  kV.  The  standard  Marx  charge  for  other  experiments  is  36 
kV.  As  in  run  6,  the  oil-switch  gap  was  not  optimized  for  the  26  kV  charge,  so  the  open- 
circuit  voltages  on  this  run  were  similar  to  those  in  run  6  and  lower  than  those  in  run  5. 

This  run  comprised  33  shots.  Three  shots  were  taken  without  the  applied  magnetic  fields 
and  will  be  considered  in  a  future  note.  The  field  shapes  used  in  this  run  are  compared  in 
Fig.  1  with  those  used  in  run  5.  (It  is  not  immediately  useful  to  compare  this  run  with  run 
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6  because  of  the  uncertain  field  geometry  in  the  latter.)  Again,  IIC,  IOC,  IIA,  and  lOA 
refer  to  the  charging  voltages  on  the  capacitor  banks  used  to  drive  the  four  coils.  For 
almost  all  shots  in  these  runs,  the  ratio  IIC/IOC  was  kept  constant.  Therefore,  the  field 
shape  has  two  degrees  of  freedom,  and  may  be  represented  on  a  graph.  In  Fig.  1  the  field 
shapes  are  parameterized  by  the  ratios  IIA/IOC  and  lOA/IOC.  Both  runs  are  seen  to 
inhabit  approximately  the  same  region  in  field-parameter  space.  (The  rightmost  point  on 
the  run  7  graph  represents  three  shots  where  the  ratio  IIC/IOC  was  increased  by  50 
percent  and  so  cannot  be  compared  directly  with  the  other  points.) 

The  conditions  of  this  run  differed  in  several  ways  from  those  on  run  5.  The  coil-set 
separation  was  reduced  by  3  mm.  The  change  in  coil-set  distance  makes  comparison  of 
fields  difficult  until  mapping  is  performed.  The  use  of  shorter  cathode  tips  resulted  in  a  1- 
mm  decrease  in  the  net  gap.  A  more  powerful  pulser  was  used,  increasing  the  foil  current 
from  20-30  IcA  on  run  5  to  35-40  kA  on  this  run.  A  larger,  nominal  active  anode  area  was 
also  used.  Photographs  of  the  foil  breakdown  indicate  that  the  anode  radial  width 
increased  from  1.5  to  1.8  cm. 

Thicker  foils  were  used  on  this  run,  and  they  were  coated  under  better  vacuum  conditions 
which  resulted  in  lower  foil  resistivity.  Also,  a  different  epoxy  anode  casting  technique 
was  used,  which  gave  foils  that  appeared  smoother  than  those  in  run  5.  The  net  effect  of 
all  of  these  changes  is  unknown  at  present. 

On  most  of  the  shots  in  this  run,  the  beam  was  diagnosed  with  either  witness  plates  and 
the  shadowbox,  or  with  Rutherford  scattering.  The  scattering  results  have  already  been 
presented  in  TN  94-19  and  will  only  be  summarized  here. 

COMPARISON  WITH  RUNS  5  AND  6 

The  26-kV  Marx  charge  shots  in  this  run  are  compared  with  run  5  results  in  Figs  2-4. 
Shot  5985  in  Fig.  2  had  a  very  short  pulser  delay  and  may  be  considered  to  be  a  no-pulser 
shot.  The  impedance  history  is  compared  with  those  from  no-pulser  and  short-delay  shots 
from  run  5.  The  traces  have  been  offset  in  time  to  align  the  open-circuit  voltages.  In 
addition  to  the  differences  mentioned  above,  the  shots  from  run  5  had  higher  open-circuit 
voltages  and  higher  absolute  fields  than  shot  5985.  The  field  shapes  are  similar,  with  shot- 
to-shot  variations  in  individual  field  ratios  of  10-20  percent  (see  the  spreadsheets  for  these 
shots).  Because  of , all  these  differences,  we  can’t  make  too  much  of  this  comparison. 
However,  the  general  shapes  of  the  impedance  histories  agree.  The  differences  that  are 
seen  are  consistent  with  the  larger  anode  area  and  slightly  smaller  gap  on  this  run. 

Shot  5985  is  compared  with  shot  5895  from  run  6  in  Fig.  2a.  Again,  we  don’t  know  the 
field  shape  in  run  6  yet,  but  the  two  shots  do  show  the  same  impedance  behavior. 

Figures  3  and  4  show  impedance  histories  for  roughly  comparable  shots  with  50  and  90  ns 
pulser  delays.  As  the  delay  increases,  a  qualitative  difference  in  the  impedance  behavior 
emerges.  In  run  7,  the  impedance  history  shows  a  plateau,  and  on  one  shot  at  the  longer 
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delay,  the  behavior  begins  to  resemble  that  of  a  plasma-filled  diode.  I  believe  that  the 
major  difference  bet'ween  these  two  . runs  results  from  differences  in  operation  of  the  anode 
source.  For  some  reason,  more  plasma  and/or  neutrals  are  produced  under  the  conditions 
of  run  7. 

TYPICAL  ELECTRICAL  DATA 

Electrical  data  from  shot  5992  are  shown  in  Fig.  5.  (See  TN’s  95-01  and  95-02  for  more 
explanation  of  the  terminology  used  here.)  This  shot  had  a  normalized  ion  energy  of  14 
kJ.  The  energy  was  partitioned  as  50%  ions,  14%  inner  cathode  current,  and  36  %  outer 
cathode  current.  Both  the  normalized  ion  energy  and  the  energy  partition  are  fairly 
representative  of  this  run.  While  it  does  not  have  the  highest  energy,  this  shot  is  attractive 
because  both  the  voltage  and  ion  current  are  reasonably  flat  for  almost  40  ns.  If  this  shot 
could  be  repeated  at  36  kV  Marx  charge,  we  would  have  almost  300  IcA  of  ions  at  about  1 
MV.  These  parameters  are  adequate  for  transport  research.  This  shot,  however,  did  have 
a  late  flashover.  Shot  6010,  with  similar  fields  but  a  shorter  delay,  had  an  earlier  flash. 
(Shot  6014,  with  the  same  fields  but  a  longer  delay,  did  not  exhibit  the  level  voltage  seen 
on  shot  5992.)  Therefore,  it  may  not  be  possible  to  repeat  this  shot  at  a  higher  Marx 
charge. 

This  shot  exhibits  several  general  features  of  shots  on  this  run.  Initially,  the  diode  operates 
with  high  ion  efficiency.  Then,  after  about  40  ns,  the  ion  current  levels  off  while  the 
electron  current  keeps  rising.  This  additional  electron  current  loads  down  the  diode, 
reducing  the  voltage.  Individual  current  traces  are  shown  in  Fig.  6.  When  the  ion  current 
levels  off,  a  sharp  increase  in  the  inner  cathode  current  is  seen.  Nonetheless,  most  of  the 
electron  loss  seems  to  originate  from  the  outer  cathode. 

Figure  7  shows  a  typical  comparison  of  calculated  and  observed  x-ray  signals.  Reasonable 
agreement  is  generally  seen,  but  the  calculated  signal  tends  to  peak  later  in  time.  This 
could  mean  that  we  are  overestimating  the  electron  current,  or  fewer  electrons  are  striking 
metal  late  in  time.  On  most  shots,  the  individual  IK3  loops  agree  within  20  percent. 
Good  agreement  between  IK4T,  lOUT,  and  ISHT  is  observed,  indicating  that  negligible 
electron  emission  occurs  outside  the  outer  cathode. 

Figure  8  shows  impedance  histories  for  four  shots  at  26-kV  Marx  charge.  These  shots 
have  the  same  field  configuration  but  different  foil  thicknesses  and  delays.  The  impedance 
scales  as  expected,  as  shots  with  thinner  foils  and  longer  delays  show  a  faster  onset. 
Traces  for  four  more  shots  are  shown  in  Fig.  9.  Two  of  these  shots  had  long  delays,  and 
the  other  two  are  believed  to  have  had  long  delays  (the  scope  signal  was  lost).  As  with 
the  longer-delay  shots  in  Fig.  8,  these  show  a  very  rapid  impedance  fall,  followed  by  a 
long  plateau.  This  behavior  may  indicate  a  partial  plasma/neutral  fill.  Figure  10  shows 
impedance  traces  for  five  shots  at  36-kV  Marx  charge.  These  also  had  the  same  fields, 
with  different  foils  and  delays.  The  scaling  seen  in  Fig.  8  is  also  seen  here. 
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Shots  with  similar  foils  and  delays  but  different  fields  are  compared  in  Fig.  1 1 .  Shot  6020 
had  a  10  percent  higher  II A  and,  more  importantly,  a  50  percent  higher  lOA.  Similar 
impedance  behavior  is  observed,  although  somewhat  faster  current  onset  is  seen  on  the 
shot  with  the  higher  field.  My  first  guess  here  is  that,  for  the  field  shapes  used  in  this  run, 
the  diode  impedance  behavior  is  not  strongly  affected  by  the  field  shape.  I  would  tend  to 
attribute  the  small  difference  between  these  two  shots  to  irreproducibility. 

Another  pair  of  shots  is  compared  in  Fig.  12.  These  shots  also  had  similar  foils  and  delays 
but  different  fields.  While  all  four  fields  differed  on  these  shots,  the  major  change  is  that 
on  shot  6012  the  inner  fields  were  boosted  relative  to  the  outer  fields.  Again,  similar 
impedance  behavior  is  observed. 

This  run  has  only  one  pair  of  shots  that  differ  only  in  field  magnitude.  Shots  6004  and 
6015  had  the  same  foils  and  delays,  and  almost  the  same  field  shapes.  The  field  amplitude, 
however,  was  50  percent  higher  on  shot  6015.  Impedance  histories  and  x-ray  signals  for 
these  shots  are  compared  in  Fig.  13.  At  the  higher  field,  the  current  onset  begins  later  but 
a  longer  pulse  is  obtained,  although  the  difference  is  not  dramatic.  This  suggests  that  the 
combination  of  a  long  pulser  delay  and  high  field  might  be  interesting. 

Two  shots  on  this  run  were  taken  with  a  copper-tape  insert  located  2  mm  behind  the 
anode  surface  to  oppose  flux  penetration  into  the  anode  on  the  shot  timescale.  The  closest 
comparison  involving  these  shots  is  shown  in  Fig.  14.  The  difference  in  impedance 
behavior  can  be  attributed  to  the  different  delay  used,  and  no  strong  effect  of  the  excluder 
is  seen.  It  may  be  that  the  2-mm  recess  distance  of  the  excluder  is  too  large. 

Impedance  histories  for  five  no-pulser  shots  are  compared  in  Fig.  15.  Shot  6006  had  a 
similar  field  shape  but  lower  amplitude  than  shot  5997.  Also,  on  shot  6006  a  thin  shim 
disk  was  placed  on  axis  as  a  kind  of  limiter.  Shots  6003,  6005,  and  6007  had  a  solid 
aluminum  plug  on  axis,  which  might  be  expected  to  alter  the  field,  and  fields  close  to 
6006,  except  for  shot  6005  which  had  a  reduced  IOC.  All  of  these  shots  have  reasonably 
similar  impedance  behaviors,  and  no  dramatic  trend  leaps  out  of  these  data.  (The  limiter 
would  be  expected  to  have  little  effect  based  on  the  results  of  run  6.)  This  is  further  sign 
of  the  relative  independence  of  the  impedance  behavior  on  the  field. 

Electrical  data  from  shot  6017  are  shown  in  Fig.  16.  This  shot  has  been  described  as  one 
of  our  best,  and  it  does  exhibit  a  high  ion  current,  ion  efficiency,  and  normalized  ion 
energy.  However,  because  of  the  voltage  collapse,  I  am  not  sure  that  other  shots,  such  as 
5992,  are  not  more  interesting  for  transport  research. 

ENERGY  PARTITION 

Analysis  of  these  runs  is  made  difficult  by  the  shear  volume  of  data;  metrics  are  needed 
that  allow  the  data  to  be  compressed.  The  impedance  history,  which  is  no  principle  not 
affected  by  the  open-circuit  voltage  waveform,  is  one  such  metric.  Another  is  to  use  the 
energy  partition  between  ion,  inner-cathode,  and  outer-cathode  current.  Energy  partition 
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has  the  advantage  of  giving  information  on  the  ion  production,  which  the  impedance  does 
not.  For  this  run  as  a  whole,  the  partition  between  ions,  inner  electrons,  and  outer 
electrons,  has  an  average  of  (44;  13:43).  By  comparison,  the  averages  for  runs  5  and  6 
were  (63:6:30)  and  (42:17:41),  respectively.  The  average,  normalized  ion  energies  for 
runs  5,6,  and  7  are  14.6,  10.9,  and  12.5  kJ. 

Runs  6  and  7  are  seen  to  have  some  features  in  common.  Both  show  better-looking 
impedance  behavior  than  run  5,  but  lower  ion  efficiency  and  normalized  energy.  The 
difference  is  that  the  improved  impedance  behavior  on  run  7  results  from  an  earlier  onset, 
while  that  on  run  6  results  from  a  slower  collapse. 

The  average  partition  from  run  7  is  almost  the  same  as  that  from  run  6.  In  a  practical 
sense,  however,  this  is  somewhat  misleading.  The  no-pulser  shots  on  run  6  had  a  later 
current  onset,  which  would  make  scaling  the  results  to  higher  Marx  charges  very  difficult. 

There  is  a  wide  variation  in  the  energy  partition  among  the  shots  of  run  7,  and  it  is  difficult 
to  make  much  sense  of  it.  There  is  not  an  obvious  correlation  with  field  shape,  as  shots 
5992  and  6020  have  the  same  partitions.  Likewise,  shots  6004  and  6015,  with 
significantly  different  field  amplitudes,  show  the  same  ion  efficiency,  and  while  lower 
inner-cathode  current  is  seen  with  the  higher  field,  the  difference  is  within  the  noise.  The 
three  shots  6011-6013,  with  higher  inner  fields,  do  show  reduced  inner-cathode  current, 
but  again,  the  difference  is  barely  significant.  Shots  5986-5991,  with  long  delays  and 
PFD-like  behavior,  have  an  average  partition  of  (37:14:49),  again  not  significantly 
different  than  the  run  average. 

BEAM  DIAGNOSTICS 

Either  the  shadowbox/witness-plate  combination,  or  Rutherford  scattering,  were  used  on 
most  shots  of  this  run.  The  shadowbox  geometry  and  extrapolated  trajectories  for  shot 
5992  are  shown  in  Fig.  17,  and  the  image  itself  is  shown  in  Fig.  18.  This  is  a  typical  image 
for  this  run. 

The  ion  beam  is  seen  to  have  angular  momentum,  with  the  separatrix  lying  behind  (toward 
the  Marx)  the  anode  emission  surface  at  all  radii.  The  beam  is  radially  diverging  by  about 
80  mrad,  and  appears  to  be  bending  in  slightly  more  than  out.  The  image  implies  a 
microdivergence  of  about  30-50  mrad.  The  ion  current  density  appears  to  be  strongly 
peaked  at  inner  radii,  with  little  ion  current  originating  from  locations  near  the  outer 
cathode  tip. 

It  has  been  suggested  that  the  electron  loss  we  see  could  actually  be  ions  hitting  the 
cathode  tips,  or  hitting  the  b-dot  loops  and  causing  them  to  fail.  The  shadowbox  data 
leads  me  to  doubt  that  significant  ion  current  flow  to  the  outer  cathode  tip  occurred  on 
this  run.  It  is  possible  that  flow  to  the  inner  tip  did  occur.  Since  electron  loss  is 
dominated  by  the  outer  tip  on  these  shots,  ion  flow  to  the  inner  cathode  tips,  or  to  the  b- 
dot  loops,  cannot  explain  this  loss.  Bryan  has  suggested  that  electrons  emitted  from  the 
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outer  cathode  can  neutralize  the  ion  beam  and  mask  the  ion  current,  and  maybe  we  should 
think  more  about  this. 

The  image  from  shot  6020,  which  had  a  50  percent  higher  10 A,  is  shown  in  Fig.  19.  The 
image  here  shows  similar  radial  behavior,  with  perhaps  a  bit  more  outward  motion  to  the 
beam.  However,  ions  emitted  at  outer  radii  have  negligible  angular  momentum,  indicating 
that  the  separatrix  had  moved  out  to  the  emission  surface  at  outer  radii  on  this  shot.  This 
is  consistent  with  the  field  change,  and  is  further  evidence  of  our  ability  to  tune  the  angular 
momentum. 

Witness  plates  for  this  run  also  show  a  diverging  ion  beam,  but  as  stated  in  the  last  note,  I 
don’t  want  to  make  much  of  them,  since  they  are  so  imprecise. 

Rutherford  scattering  results  are  described  in  TN  94-19  and  are  only  summarized  here  in 
Fig.  20  (see  the  note  for  a  description  of  the  spreadsheet).  The  relevant  columns  here  are 
labeled  ‘Al*!.!’  and  ‘Ta*l.r.  These  are  the  ratios  of  the  observed  to  calculated 
scattering  signals,  and  thus  can  be  interpreted  as  the  proton  fraction  in  the  beam,  and 
average  to  50  percent,  excluding  shots  6003-6007,  which  show  much  lower  fractions.  (In 
TN94-19  I  attributed  these  low  fractions  to  the  lack  of  a  pulser,  but  that  is  contradicted  by 
shot  5997.  I  would  now  attribute  the  low  apparent  fraction  on  these  shots  to  a  difference 
in  trajectories  resulting  from  the  different  fields  used.) 

Calculation  of  the  scattering  yield  requires  a  knowledge  of  the  ion  trajectories.  This  is 
particularly  true  for  the  scattering  arrangement  used  here,  where  the  scattered  portion  of 
the  beam  is  limited  by  three  circular  apertures,  as  indicated  in  Fig  17.  The  numbers  in  the 
spreadsheet  reflect  an  assumption  that  the  ion  current  density  is  higher  at  inner  radii,  but 
not  by  as  much  as  the  shadowbox  data  indicate.  The  shadowbox  data  imply  that  fewer 
ions  will  pass  through  the  apertures  than  were  assumed  in  the  calculation.  Therefore,  the 
actual  fraction  of  protons  in  the  beam  is  probably  higher  the  values  on  the  spreadsheet. 
(The  scattering  arrangement  used  in  run  8  was  less  trajectory-sensitive.) 

SUMMARY 

In  this  first  cut  at  revisiting  the  ME)  data,  I  will  attempt  to  answer  four  questions  for  each 
run: 

(1)  What  are  the  key  shots,  in  terms  of  performance,  for  each  run? 

Shot  6017,  with  one  of  the  highest  normalized  ion  energies,  and  shot  5992,  with  relatively 
flat  voltage  and  ion  current,  are  good  examples.  Shot  5986  shows  the  most  PFD-like 
behavior  and  is  interesting  for  that  reason. 

(2)  Which  field  configurations  should  we  concentrate  on  mapping  out? 

The  configurations  on  shots  5992,  6012,  and  6020  bound  those  used  on  most  shots. 
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(3)  What  are  the  significant  trends  in  the  data? 

The  impedance  behavior  shows  a  consistent  dependence  on  pulser  delay  and  foil  thickness, 
as  current  onset  begins  earlier  with  thinner  foils  and  longer  delays.  Current  onset  begins 
earlier,  in  general,  than  on  shots  in  run  5,  which  had  roughly  comparable  fields.  This 
earlier  onset  leads  to  flatter  impedance  histories.  Shots  at  the  longest  delays  exhibit 
impedance  behavior  that  is  suggestive  of  a  PFD.  I  speculate  that  this  difference  from  run 
5  results  from  the  different  foil  and  pulser  conditions.  The  flatter  impedance  histories  on 
this  run  lead  to  better  average  energy  coupling  to  the  generator.  The  average  normalized 
energy  is  29  kJ  on  this  run,  as  compared  with  23  kJ  on  run  5.  The  earlier  current  onset 
also  allows  operation  at  increased  Marx  charge. 

In  spite  of  the  improved  impedance  history,  the  shots  on  run  7  have  lower  normalized  ion 
energies,  because  they  operate  at  lower  ion  efficiencies.  In  this  regard  they  are  similar  to 
the  shots  in  run  6. 

Little  effect  of  the  magnetic  field  shape  or  magnitude  is  seen,  over  the  range  of  fields  used 
in  this  run. 


As  in  run  6,  the  ion  current  density  is  peaked  at  the  inside,  and  these  ions  are  inward¬ 
bending.  In  this  run,  ions  emitted  from  the  outer  radii  bend  outward.  Since  no 
shadowbox  images  were  seen  from  ions  emitted  at  the  outer  radii  in  run  6  (the  images  in 
general  were  weaker  then,  so  this  may  be  a  threshold  effect),  I  don’t  know  what  their 
trajectories  were.  Unlike  on  run  6,  the  beam  is  seen  to  have  angular  momentum,  and  this 
momentum  can  be  tuned  by  adjusting  the  fields. 

Rutherford  scattering  indicates  that  the  beam  has  a  proton  fraction  of  at  least,  and 
probably  significantly  greater  than,  50  percent. 

(4)  What  are  the  most  puzzling  features  to  these  data? 

Certainly  the  most  disturbing  feature  is  the  rather  abrupt  increase  in  electron  loss  that 
occurs  midway  into  the  pulse. 

Another  puzzling  feature  is  the  divergent  ion  trajectories,  with  outer  ions  bending 
outward. 

We  might  expect  to  see  more  effect  of  the  field  shape  and  magnitude,  but  without 
knowing  the  fields  (and  Vcrits),  one  can’t  say  for  sure. 

CONCLUSIONS 

Based  on  the  results  so  far,  I  believe  that  we  can  control  the  trajectory  and  angular 
momentum  of  the  ion  beam  by  tuning  the  fields.  Obtaining  both  the  desired  impedance 
behavior  and  high  ion  efficiency  remains  a  problem.  The  anode  source  is  critical  to 
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resolving  this  problem.  In  order  for  the  generator  to  tolerate  the  higher  impedance 
required  for  stable,  reasonably  efficient  behavior,  we  need  to  have  a  rapid  current  onset. 
The  trick  will  be  to  optimize  the  source,  to  provide  the  rapid  onsets  seen  in  this  run, 
without  the  subsequent,  low-impedance  behavior  seen  here. 

After  looking  in  more  detail  at  the  results  of  this  run,  I  am  more  eager  to  study  the  source 
further  on  the  bench.  I  had  become  doubtful  about  the  utility  of  interferometry  because  of 
the  high  density  gradients  near  the  anode.  However,  the  results  of  this  run  suggest  that 
there  may  be  plasma  and/or  neutrals  out  in  the  gap  during  the  time  of  the  shot.  The  SRL 
interferometer  will  be  very  useful  in  diagnosing  this. 

Another  reason  for  source  study  is  to  obtain  (and  know  that  we  have)  reproducible  source 
operation.  By  keeping  the  source  constant  from  shot  to  shot,  we  will  have  an  easier  time 
investigating  the  effects  of  the  magnetic  field  configuration. 

Finally,  as  usual,  field  mapping  will  be  necessary  to  interpret  fiilly  the  results  of  this  run. 
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TITLE:  ANALYSIS  OF  APPLIED-B  DIODE  RUN  6 

Author:  D.  Hinshelwood 

Date:  January  22,  1994 

Abstract:  This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the 
reams  of  applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose 
here  is  to  get  the  data  out  on  the  table  and  to  identify  the  best  shots,  obvious 
trends,  and  any  unexpected  results. 

As  was  seen  in  run  5,  increasing  the  magnetic  field  delays  both  current  onset 
and  closure.  Coupling  of  energy  from  the  generator  is  relatively  constant. 

Increasing  the  anode  area  tends  to  reduce  the  diode  impedance.  Inspection  of 
the  spreadsheet  indicates  that  the  increase  in  area  is  associated  with  increased 
inner-cathode  current  more  than  outer-cathode  current. 

At  least  in  one  field  configuration,  the  beam  is  inward-bending  with  small 
angular  momentum.  In  this  case  the  ion  current  density  peaks  at  smaller  radii. 

The  shots  in  this  run  show  some  global  differences  in  behavior  compared  with 
those  in  run  5.  Shots  on  this  run  show  slightly  better  normalized  total  energies, 
higher  inner-cathode  energies,  and  lower  ion  efficiencies.  This  results  in  lower 
normalized  ion  energies  than  in  run  5.  I  would  guess  that  the  differences  on 
this  run  are  due  to  the  different  field  configurations,  rather  than  the  lack  of  a 
pulser. 

Field  mapping  is  necessary  to  interpret  the  results  of  this  run.  The  fields,  and 
the  way  in  which  they  differed  from  those  in  run  5,  can  be  compared  with  the 
higher  inner-cathode  currents  observed  here,  as  well  as  with  the  shadowbox 
data.  While  nothing  from  this  run  is  striking  in  itself,  these  data  here  will 
(hopefully)  form  part  of  a  clearer  picture  when  all  runs  are  analyzed. 


INTRODUCTION 


This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the  reams  of 
applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose  here  is  to  get  the  data 
out  on  the  table  and  to  identify  the  best  shots,  obvious  trends,  and  any  unexpected  results. 
No  attempt  will  be  made  to  draw  final  conclusions  yet.  To  date  there  have  been  ten  MID 
runs.  The  first  three  runs  used  wax-filled-groove,  hereafter  referred  to  as  passive,  anodes. 
Run  4  was  our  only  attempt  with  POS-driven,  EMFAPS  anodes.  Run  5  was  the  first  run 
using  a  pulser  to  drive  the  EMFAPS  anodes.  On  run  6,  EMFAPS  anodes  were  used 
without  the  pulser.  In  this  case  the  early  electron  loss  current  returning  through  the  anode 
foil  is  used  to  form  the  anode  plasma.  These  will  be  referred  to  as  limiter-EMFAPS 
anodes,  although  a  physical  limiter  was  rarely  used.  Runs  7-10  used  pulser-EMFAPS 
anodes.  Results  from  runs  5  and  8  have  already  been  presented  in  TN’s  95-01  and  94-16. 

MASTER  SPREADSHEET 

The  enclosed  spreadsheet  lists  all  shots  of  this  run  other  than  short-circuit  shots.  This  is 
part  of  an  evolving  master  spreadsheet  that  will  summarize  all  of  our  MID  data.  The  first 
page  gives  the  basic  shot  parameters.  This  sheet  has  been  altered  slightly  from  that  in  TN 
95-01.  The  column  “voc2i”  on  the  RAW  sheet  refers  to  the  integral  of  VOC^.  This 
quantity,  rather  than  the  square  of  the  peak  value  of  VOC,  is  now  used  to  normalize 
energies.  The  column  “e2(kJ)”  refers  to  the  integral  of  VCOR  x  IK2T,  and  is  a  weighted 
measure  of  the  current  emitted  from  the  inner  cathode. 

The  second  sheet  presents  some  of  the  shot  parameters  in  more  useful  form.  (Obvious 
dud  shots  are  not  included  on  this  sheet.)  The  second  column  gives  the  closest  A-K  gap, 
i.e.,  the  distance  between  the  cathode  tips  and  the  anode. 

The  values  “e2/e”  “e4/e”,  and  “ei/e”  are  the  ratios  of  the  inner-cathode,  outer  cathode,  and 
ion  energies  to  the  total  energy  (these  add  up  to  unity).  The  values  “el9”  and  “eil9”  give 
the  total  and  ion  energies,  normalized  to  shot  6019  by  assuming  that  the  energies  scale  as 
voc2i.  Shot  6019  had  a  typical  open-circuit  voltage  for  a  32  kV  Marx  charge,  so  the 
values  in  columns  14  and  15  might  be  expected  if  the  shots  were  repeated  at  32  kV.  (A  26 
kV  Marx  charge  was  used  for  this  run.) 

ELECTRICAL  WAVEFORMS 

See  TN  95-01  for  a  description  of  these. 

RUN  FIVE  OVERVIEW 

A  Marx  charge  of  26  kV  was  used  on  this  run,  as  compared  to  32  kV  on  recent  runs,  and 
36  kV  on  other  Gamble  II  experiments. 
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This  mn  comprised  29  shots  with  two  duds.  The  first  shot,  5887,  was  taken  using  the  6- 
mm  cathode  tips  of  run  5.  All  other  shots  were  taken  using  the  standard,  4-mm  tips.  I  am 
not  completely  sure  that  the  value  of  the  A-K  gap  is  correct;  there  may  be  a  1-mm 
uncertainty  here. 

More  variations  in  field  shape  were  used  on  this  run  than  on  run  5.  Also,  we  found  out 
later  that  the  IIA  and  lOA  leads  were  reversed  for  the  entire  run.  Normally,  lOA  is  pulsed 
35  ps  before  IIA.  On  this  run  that  order  was  reversed,  therefore,  these  field  shapes  cannot 
be  compared  by  inspection  with  those  on  run  5:  Field  mapping  will  be  needed  to  establish 
how  the  fields  on  the  two  runs  compared. 

All  shots  on  this  run  were  taken  without  using  the  pulser,  which  removes  any  variation 
resulting  from  pulser  delay  or  peak  current.  On  the  other  hand,  different  anode  foils  were 
used  here,  as  shown  in  column  8  of  the  first  page.  The  foils  were  coated  at  500-1400  W- 
min  (corresponding  to  expected  thicknesses  of  roughly  1000-3000  A),  as  compared  with 
200  W-min  on  run  5. 

After  shot  5897  the  nominal  anode  active  area  was  increased  by  widening  the  region 
between  the  copper  contacts  from  1.5  cm  to  1.8  cm  (changing  the  area  from  47  to  57 
cm^).  These  numbers  are  only  a  guess:  the  copper  contacts  are  estimated  to  be  about  8 
times  thicker  than  the  aluminum.  They  would  not  be  expected  to  be  heated  significantly 
by  the  pulser  current,  and  indeed,  open-shutter  pictures  on  bench  tests  usually  show  no 
light  from  the  copper  regions.  However,  the  full  machine  electron  current,  returning 
through  the  outer  copper  contact,  might  heat  and  flash  that  region  also. 

In  addition  to  the  electrical  measurements  used  on  run  5,  a  scintillator-photodiode 
combination  was  used  to  record  the  diode  x-rays.  This  was  located  about  3  meters  from 
the  diode  and  so  offered  no  spatial  resolution. 

On  some  shots  on  this  run,  the  beam  was  diagnosed  with  witness  plates  and  a  shadowbox. 
These  were  located  in  the  1-Torr-air  region,  at  about  10  cm  from  the  anode.  The 
shadowbox  patterns  were  recorded  on  the  standard,  view-graph  film,  which  was  located 
about  4  cm  behind  the  1.5-mm-diam  shadowbox  holes.  Aluminum,  brass,  and  acrylic 
witness  plates  were  used. 

ELECTRICAL  DATA 

Two  open-circuit  voltages  from  this  run  are  compared  with  a  typical  VOC  waveform  from 
run  5  in  Fig.  1.  Because  of  the  oil  switch  behavior  on  this  run,  rather  low  VOC 
waveforms  were  produced,  which  should  be  taken  into  consideration  when  examining 
voltage  and  current  amplitudes  on  this  run. 

Figures,  la-lc  show  electrical  data  from  shot  5895.  (See  TN95-01  for  descriptions  of  the 
traces.)  This  shot  had  one  of  the  highest  normalized  ion  energies  and  its  waveforms  are 
representative  of  most  shots  on  this  run.  The  relatively  low  ion  efficiency  here  is  typical. 
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as  can  be  seen  from  page  two  of  the  spreadsheet.  The  average  ion  efficiency  was  43 
percent  for  this  run  as  compared  with  65  percent  on  run  5.  As  on  run  5,  there  is  good 
agreement  between  the  shunt,  door,  and  outer  diode  (IK4T)  current  waveforms,  so  that 
significant  electron  emission  from  outside  the  outer  cathode  did  not  occur.  Figure  lb 
illustrates  a  possible  problem  with  the  IK3B  signal  (again,  the  IK3  loops  are  located  on  the 
inside  of  the  outer  cathode).  On  all  shots  in  this  run,  that  signal  was  lower,  and  started 
later,  than  the  other  two  loop  signals.  On  many  shots  the  difference  is  more  pronounced 
than  it  is  in  Fig  lb.  I  don’t  know  the  reason  for  this,  but  the  result  is  that  the  IK3T  (and 
hence,  the  ion)  currents  given  here  may  be  5-10  percent  low. 

The  x-ray  signal  is  calculated  by  multiplying  the  diode  electron  current  (IK4T  minus  IION) 
by  VCOR^.  This  is  compared  with  the  photodiode  signal,  after  normalizing  the 
amplitudes,  in  Fig  Ic.  Excellent  general  waveshape  agreement  is  observed.  This  level  of 
agreement  is  typical  of  the  run.  (We  have  to  be  a  little  careful  with  this  comparison;  The 
anode  damage  indicates  that  most  of  the  electron  flow  to  the  anode  impinges  on  the  epoxy 
region.  However,  the  x-ray  signal  could  well  be  dominated  by  a  small  fraction  of  the 
electrons  that  strike  the  stainless.  If  this  fraction  varies  with  time,  agreement  might  not  be 
expected.  In  fact,  I  am  a  little  surprised  that  the  agreement  is  this  good.)  Note  that  the  x- 
ray  signal  goes  to  zero  only  a  little  later  than  the  corrected  voltage  does.  This  is 
encouraging,  as  it  gives  confidence  in  the  veracity  of  VCOR  until  just  before  closure. 

Another  general  feature  of  this  run  is  that  in  contrast  to  run  5,  finite  electron  emission 
from  the  inner  cathode  occurred.  The  average  total  electron  beam  energy  from  the  inner 
cathode  was  about  16  percent,  or  almost  a  third  of  the  total  electron  beam  energy.  This 
value  is  typical  of  shots  5819-22  on  run  5,  but  not  the  other  shots,  where  the  average  was 
more  like  3  percent. 

Because  the  ion  efficiency  did  not  show  any  significant  systematic  variation  over  the 
course  of  this  run,  shot-to-shot  comparisons  will  be  made  in  terms  of  the  diode 
impedance. 

Shots  5887  and  5888  are  an  interesting  comparison.  The  shots  had  the  same  A-K  gaps 
and  field  settings,  but  different  coil-set  separations.  Both  shots  had  early  flashovers,  so  it 
is  difficult  to  get  too  much  from  them,  but  they  did  exhibit  virtually  identical  early-time 
behavior,  as  shown  in  Fig.  Id. 

On  three  shots  in  this  run,  limiters  were  used  in  an  attempt  to  capture  some  of  the  electron 
flow  and  direct  it  through  the  foil.  The  limiters  were  thin  cylinders  in  the  axial  direction, 
attached  to  the  inner  anode,  and  sticking  out  about  5  mm.  Impedances  from  five  shots, 
including  the  three  limiter  shots,  are  compared  in  Fig.  2.  All  show  very  similar  impedance 
behavior.  These  shots  had  the  same  cathode  fields  but  anode  fields  that  differed  by  10-20 
percent  in  amplitude  and  direction  (i.e.,  IIA/IOA).  Field  mapping  will  show  whether  the 
insensitivity  of  the  impedance  to  the  anode  fields  or  to  the  presence  of  the  limiter  on  these 
shots  is  reasonable. 
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One  of  the  five  shots  in  Fig.  2  is  compared  in  Fig.  3  with  the  two  limiter-EMFAPS  shots 
of  run  5,  and  the  shot  of  run  5  with  a  very  short  delay.  Reasonable  agreement  is  seen, 
especially  with  shot  5828  which  was  one  of  the  better  shots  of  that  run.  So  far,  the 
slightly  different  diode  geometry,  thicker  anode  foils,  and  different  field  shapes  of  this  run 
are  associated  with  lower  ion  efficiency  and  greater  inner  cathode  currents,  but  similar 
impedance  behavior,  relative  to  run  5. 

Shot  5895,  the  typical  shot  from  Fig.  2,  is  shown  again  as  the  solid  curve  in  Fig.  4.  The 
impedance  histoiy  for  this  shot  is  compared  with  that  for  three  shots  with  higher  magnetic 
fields.  As  was  seen  in  run  5,  with  a  higher  field,  the  current  onset  and  diode  closure  both 
begin  later  as  the  field  is  increased.  Also  shown  in  the  figure  are  impedance  traces  from 
three  shots,  where  onset  and  closure  both  begin  earlier.  Two  of  these  shots  were  taken 
with  a  wider  anode  area  and  might  be  expected  to  yield  a  lower  impedance.  Shot  5892, 
however,  had  conditions  identical  to  one  of  the  shots  in  Fig.  2,  and  would  not  be  expected 
to  have  a  lower  impedance. 

Figure  5  shows  impedance  traces  ffom  three  shots  with  the  same  fields  but  different  foil 
thicknesses.  As  the  foil  thickness  is  increased,  the  current  onset  begins  later  but  closure  is 
not  delayed. 

The  two  shots  in  Figure  6  differ  only  by  a  slight  variation  in  inner  cathode  field.  Is  the 
significant  difference  in  the  impedance  history  caused  by  the  field  difference,  in  contrast  to 
the  results  in  Figure  2? 

In  the  above  shots,  with  a  few  exceptions,  the  variations  in  impedance  history  with  field, 
anode  area,  and  foil  thickness  seem  reasonable.  However,  Figure  7  casts  doubt  on  the 
validity  of  these  comparisons.  Two  pairs  of  shots  are  shown.  Each  pair  was  taken  under 
the  same  conditions  but  shows  a  significant  variation  in  impedance  history.  Shots  5905 
and  5908  differ  in  onset  and  closure  times.  Shots  5907  and  5914  also  show  a  significant 
difference  in  apparent  closure  rate.  These  results  point  to  a  lack  of  reproducibility,  at  least 
under  the  conditions  of  this  run.  Note  from  the  spreadsheet  that  shots  on  the  second  half 
of  the  run,  which  appear  to  show  less  reproducible  behavior,  were  taken  with  wider  anode 
areas  and  thicker  foils.  Are  either  of  these  conditions  responsible  for  the  less-reproducible 
behavior? 

More  impedance  comparisons  are  shown  in  Figures  8-10.  Figure  8  shows  four  shots,  with 
different  fields,  that  have  similar  impedance  behavior.  Figure  9  shows  shots  with  different 
fields  that  have  similar  onsets  but  different  apparent  closure  times.  Figure  10  shows  shots 
with  different  apparent  closure  rates. 

There  are  two  reasons  we  want  a  flat  impedance:  to  optimize  coupling  to  the  generator, 
and  to  produce  a  beam  with  relatively  constant  parameters.  As  to  the  former,  it  is 
probably  more  useful  to  examine  the  energy  coupling  directly  (on  the  spreadsheet)  than  to 
look  in  detail  at  each  wiggle  on  the  impedance  traces.  The  sheet  shows  (column  “el 9”)  a 
very  reproducible  normalized  beam  energy  in  spite  of  the  differing  impedance  behavior  on 
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these  shots.  Evidently,  for  the  higher-impedance  shots,  the  lat6r  closure  balances  the  later 
onset. 

BEAM  DIAGNOSTICS 

As  indicated  on  the  spreadsheet,  a  shadowbox  and  witness  plates  were  fielded  on  six  shots 
during  this  run.  All  of  these  shots  had  the  same  field  shape.  Typical  data  are  shown  and 
analyzed  in  Fig.  1 1 .  Exposures  are  not  observed  for  all  holes,  indicating  a  non-uniform 
beam.  The  shadowbox  data  show  that  the  beam  is  bending  inward,  with  an  angle  that 
increases  at  smaller  radii  and  averages  to  about  65  mR.  The  current  density  is  also  peaked 
at  smaller  radii.  A  microdivergence  of  about  25  mR  is  inferred.  More  importantly,  the 
angular  momentum  is  zero  within  the  measurement  resolution  of  10-20  mR. 

This  diagnostic  as  it  stands  is  a  veiy  useful  source  of  qualitative  data.  However,  the 
unknown  response  curve  of  the  film  makes  quantitative  interpretation  difficult,  and  I 
would  be  careful  about  quoting  the  microdivergence  numbers.  Another  complication  is 
introduced  by  possible  hole  closure.  At  these  current  densities,  the  Cornell  results  show 
that  the  1.5-mm  diam  holes  used  here  are  too  small,  and  we  may  be  only  sampling  the 
early  part  of  the  beam. 

Witness  plates  for  this  shot  are  shown  in  Fig.  12.  This  diagnostic  is  relatively  useless,  but 
has  results  consistent  with  the  shadowbox  in  showing  an  inward-bending  beam.  In  a  gross 
sense  the  damage  has  reasonable  azimuthal  uniformity. 

SUMMARY 

In  this  first  cut  at  revisiting  the  MID  data,  I  will  attempt  to  answer  four  questions  for  each 
run: 

(1)  What  are  the  key  shots,  in  terms  of  performance,  for  each  run? 

Nothing  particularly  stands  out.  Shot  5889,  a  very  high-impedance  shot,  had  the  highest 
normalized  ion  energy.  Shot  5895,  shown  in  Figs,  la-lc,  also  had  a  high  normalized  ion 
energy,  and  fairly  typical  waveshapes.  There  are  shots  with  greater  or  lesser  flatness  to 
the  impedance  histories,  but  in  view  of  the  observed  irreproducibility  of  some  shots,  I 
don’t  want  to  make  to  much  of  these  differences. 

(2)  Which  field  configurations  should  we  concentrate  on  mapping  out? 

Many  different  configurations  were  used  on  this  run.  That  from  5915  is  important  to 
compare  with  the  shadowbox  data.  Shots  5895  and  5894,  which  showed  the  same 
impedance  behavior  but  different  IIA/IOA  ratios,  should  be  mapped  out.  Shot  5899,  with 
the  highest  normalized  ion  energy,  should  also  be  mapped  out. 
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(3)  What  are  the  significant  trends  in  the  data? 

As  was  seen  in  run  5,  increasing  the  magnetic  field  delays  both  current  onset  and  closure. 
Some  effect  of  foil  thickness  is  seen,  but  it  is  not  large  compared  with  the  observed 
reproducibility.  No  effect  of  the  physical  limiter  is  seen.  In  some  cases,  the  impedance 
behavior  is  not  strongly  affected  by  the  field  shape.  Coupling  of  energy  from  the 
generator  is  relatively  constant. 

Increasing  the  anode  area  tends  to  reduce  the  diode  impedance.  Inspection  of  the 
spreadsheet  indicates  that  the  increase  in  area  is  associated  with  increased  inner-cathode 
current, more  than  outer-cathode  current.  (\ 

^  (or  \^i\^  V- 

At  least  in  one  field  configuration,  the  beam  is  inward-bending  with  small  angular 
momentum.  In  this  case  the  ion  current  density  peaks  at  smaller  radii. 

The  shots  in  this  run  show  some  global  differences  in  behavior  compared  with  those  in  run 
5,  as  is  best  seen  in  the  energy  columns  on  the  spreadsheet.  Shots  on  this  run  show 
slightly  better  normalized  total  energies,  higher  inner-cathode  energies,  and  lower  ion 
efficiencies.  This  results  in  lower  normalized  ion  energies  than  in  run  5.  (One  set  of  shots 
in  run  5,  shots  5819-5822,  including  the  no-pulser  shot  5822,  had  results  more  similar  to 
this  run.)  Since  there  were  a  few  no-pulser  shots  on  the  last  run,  I  would  guess  that  the 
differences  on  this  run  are  due  to  the  different  field  configurations,  rather  than  the  lack  of 
a  pulser. 

(4)  What  are  the  most  puzzling  features  to  these  data? 

The  lack  of  reproducibility  on  some  shots. 

CONCLUSIONS 

Field  mapping  is  necessary  to  interpret  the  results  of  this  run.  The  fields,  and  the  way  in 
which  they  differed  from  those  in  run  5,  can  be  compared  with  the  higher  inner-cathode 
currents  observed  here,  as  well  as  with  the  shadowbox  data.  While  nothing  from  this  run 
is  striking  in  itself,  these  data  here  will  (hopefully)  form  part  of  a  clearer  picture  when  all 
runs  are  analyzed. 
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PULSED  POWER  PHYSICS  TECHNOTE  94-19 


TITLE:  ANALYSIS  OF  RUTHERFORD  SCATTERING  AND  FARADAY  CUP  DATA 

FROM  APPLIED-B  DIODE  RUNS  7  AND  8 

Author:  D.  Hinshelwood 

Date:  September  21,  1994 

Abstract:  Rutherford  scattering  has  been  used  to  diagnose  the  ion  beam  on  some  of  the  shots 
during  applied-B  diode  runs  7  (spring  1994)  and  8  (recently).  A  new  Faraday  cup, 
developed  at  Cornell,  was  also  used  on  the  last  shot  of  run  8.  Data  from  these 
diagnostics  are  discussed  and  compared  with  predictions  in  this  note.  While  there  are 
some  unexplained  features  in  these  data,  and  indications  that  on  some  shots  the  ion 
voltage  and/or  current  may  be  incorrect  later  in  time,  the  overall  picture  is  that  the 
extracted  ion  beam  is  roughly  2/3  protonic  and  consistent  with  the  diode  electrical 
waveforms.  Both  diagnostics  are  easy  to  field,  and  are  seen  to  work  reasonably  well  in 
this  difficult,  high-current-density  environment.  Future  refinements  are  also  possible. 
The  scattering  foil  can  be  expanded  to  sample  a  larger  fraction  of  the  beam,  and  both 
diagnostics  are  well-suited  to  being  fielded  in  multiple  arrays  that  allow  spatial 
resolution  of  the  beam.  Therefore,  information  on  both  the  total  ion  current  and  its 
distribution  can  be  obtained  in  the  fiature.  I  am  enthusiastic  about  the  potential  of  both 
diagnostics  for  diagnosing  transported  ion  beams  in  all  of  our  ion  beam  research 
programs. 


Rutherford  scattering  has  been  used  to  diagnose  the  ion  beam  on  some  of  the  shots  during 
applied-B  diode  runs  7  (spring  1994)  and  8  (recently).  A  new  Faraday  cup,  developed  at  Cornell, 
was  also  used  on  the  last  shot  of  run  8.  Data  from  these  diagnostics  are  discussed  and  compared 
with  predictions  in  this  note. 

The  relevant  shots  are  summarized  in  the  spreadsheet  on  the  following  page.  Columns  5  AND  6 
refer  to  the  anode  foil,  and  are  described  in  TN  94-16.  Column  7  is  the  ion  beam  energy  as 
determined  from  VCOR  and  IION.  The  column  “RS”  refers  to  the  scattering  arrangement  used. 
In  arrangement  1,  a  single,  NRL  p-i-n  was  used.  This  arrangement  allowed  for  some  shot-to-shot 
variation  in  geometry,  so  the  one  useful  shot  taken  has  not  been  analyzed.  Arrangements  2  and  3 
are  shown  at  the  top  of  Fig  1.  Here,  3,  1.9-cm  diam  apertures  defined  the  beam  area  on  the 
scattering  foil.  The  3  SNL  p-i-n’s  were  centered  in  2.1-cm  D  tubes.  With  arrangement  2,  all  3 
scatterers  were  1.8-p  Al,  and  the  p-i-n’s  were  located  18  cm  from  the  scatterers.  Arrangement  3 
used  2  thick- Al  scatterers  and  1  thick-Ta  scatterer.  The  p-i-n’s  were  located  18  cm  from  the  Al 
scatterers  and  88  cm  from  the  Ta  scatterer.  Arrangement  4  was  used  during  run  8,  and  is  shown 
at  the  bottom  of  Fig.  1.  Here,  the  beam  scattered  off  a  piece  of  thick  Al  foil  glued  to  a  1.3-cm 
wide  Al  bar  that  was  cut  to  45  degrees.  The  p-i-n  was  located  18  cm  from  this  bar.  In  all  cases 
the  p-i-n’s  were  covered  with  a  2.5-p.  Ti  foil.  In  arrangements  2  and  3,  this  foil  usually  survived, 
as  the  aperture  plate  stopped  most  of  the  diode  debris.  With  arrangement  4,  where  this  plate  was 
not  used,  enough  debris  blew  into  the  tubes  to  break  the  foils  on  most  shots. 

CALCULATIONS 

The  predicted,  absolute  p-i-n  signals  were  calculated  in  ANALYSIS  using  VCOR  and  IION. 
Flashover  is  often  seen  to  produce  a  spurious  spike  in  VCOR.  Therefore,  on  flashover  shots  (see 
column  2),  VCOR  was  artificially  truncated  by  drawing  a  straight  line  between  its  value  at  the 
time  of  flashover  to  zero  at  the  time  of  impedance  collapse.  This  represents  a  reasonable  guess  of 
the  correct  voltage.  (Note:  the  ion  energy  in  column  7  of  the  spreadsheet  was  calculated  using 
VCOR,  rather  than  the  truncated  version,  so  the  values  given  are  probably  too  high  for  the 
flashover  shots.)  The  Ti  foil  thickness  on  the  p-i-n  was  increased  from  2.5  to  3  p  in  the  code  to 
approximate  the  additional  stopping  by  the  diode  dead  layer.  The  code  asks  for  a  geometrical 
factor,  which  is  the  product  of  the  fraction  of  the  beam  area  that  is  scattered,  times  the  detector 
solid  angle.  The  factors  used  here  are:  1.1  x  10"^  and  4.6  x  10'*  for  the  Al  and  Ta  foils  in 
arrangements  2  and  3;  and  1  x  lO"^  for  arrangement  4.  Calculated  and  observed  signals  for  a 
typical  shot  are  shown  at  the  top  of  Fig.  2. 

Columns  9  and  10  give  the  ratio  of  the  time-integrated  p-i-n  signal  to  the  time-integrated 
predicted  signal.  Departures  of  this  ratio  from  unity  occur  due  to  some  combination  of  the 
following:  uncertainty  in  the  geometry,  stopping  coefficients,  ion  current,  and  voltage;  beam 
nonuniformity;  and  the  presence  of  non-protonic  ions  in  the  beam.  (The  p-i-n  foil  and  Kimfol 
together  will  stop  all  carbon  ions  at  these  diode  voltages.) 
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Fig.  2:  Calculated  and  observed  signals  from  Rutherford  scattering  (top)  and  the 
Cornell  Faraday  cup  (bottom). 
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UNCERTAINTffiS 


Calculation  of  the  yield  requires  the  fraction  of  the  beam  intercepted  by  the  detector,  the  detector 
solid  angle,  and  the  scattering  angle.  Inspection  of  the  end  views  in  Fig.  1  shows  that  with 
arrangements  2  and  3,  the  intercepted  beam  fraction  depends  on  the  beam  width  and  radius.  If  the 
beam  bends  inward,  as  was  observed  on  this  run,  the  intercepted  fraction  will  decrease.  This 
results  in  an  estimated  uncertainty  of  10-20  percent.  The  scatterer  shape  in  arrangement  4  was 
chosen  to  reduce  this  problem.  (Ideally,  a  pie-shaped  scatterer  would  be  used,  eliminating  this 
uncertainty  completely).  The  uncertainty  in  the  detector  solid  angle  is  estimated  at  about  5 
percent. 

The  average  scattering  angle  depends  on  the  distribution  of  ion  initial  radii  and  trajectories,  which 
may  well  vary  as  the  field  geometiy  is  changed.  (The  possible  scattering  angles  in  these 
arrangements  range  from  about  76  to  96  degrees,  representing  a  factor  of  two  variation  in  the 
predicted  yield.)  One  shot,  6098,  was  taken  with  a  shadowbox  plate  at  the  Kimfol  location.  The 
data  from  this  shot  indicates  an  average  scattering  angle  of  86  degrees,  which  results  in  a  10 
percent  decrease  in  the  predicted  yield  from  that  at  the  nominal  90  degrees.  The  ratios  in  columns 
9  and  10  are  based  on  calculations  for  a  90-degree  scattering  angle.  The  ratios  are  multiplied  by 
1.1  in  columns  11  and  12  to  account  for  the  assumed,  average  angle  of  86  degrees.  The 
uncertainty  in  the  yield  associated  with  the  scattering  angle  is  estimated  to  be  about  15  percent. 
Taking  eveiything  together,  geometry-related  uncertainties  of  15-20  percent  for  arrangement  4 
and  20-25  percent  for  arrangements  2  and  3  are  assumed. 

Since  the  ions  scattered  from  a  thick  target  have  an  average  energy  on  the  order  of  half  of  the 
initial  energy,  which  is  itself  rather  low  on  these  shots,  attenuation  by  the  Kimfol,  air,  and  p-i-n 
foil  has  a  big  effect.  This  results  in  a  calculated  scattering  yield  that  is  more  than  proportional  to 
the  ion  voltage  and  strongly  affected  by  the  assumed  dE/dx  of  the  target,  foils,  and  air.  For 
example,  the  yields  calculated  for  these  shots  using  the  upgraded  stopping  coefficients  (see  TN 
94-17)  were  20-30  percent  less  than  those  calculated  using  the  old  values.  Based  on  Ziegler’s 
claim  of  3-5-percent  accuracy  in  dE/dx,  an  uncertainty  of  5-10  percent  is  assumed  here. 

The  current  and  voltage  waveforms  have  calibration  uncertainties  on  the  order  of  5  percent  each. 
In  addition  to  this  are  possible  waveshape  errors.  For  example,  the  inductive  voltage  correction  is 
susceptible  to  noise  on  the  diode  current,  and  the  ion  current  measurement  is  susceptible  to 
shielding  of  the  dB/dt  loops.  The  total  current-  and  voltage-related  uncertainty  in  the  calculation  is 
estimated  to  be  about  1 5  percent. 

The  composite  uncertainty  in  the  yield  calculation  is  thus  about  25  percent  for  arrangement  4  and 
25-30  percent  for  arrangements  2  and  3.  This  uncertainty  has  both  random  and  systematic 
components,  although  I  believe  that  the  former  dominate. 

On  run  8,  the  p-i-n  foils  were  destroyed  on  most  shots,  allowing  debris  to  deposit  on  the 
detectors.  The  small,  recessed  detectors  are  difficult  to  clean  and  it  is  possible  that  debris  may 
have  been  left  on  some  shots.  This  may  explain,  for  example,  the  veiy  low  yield  on  shot  6106. 
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A  timing  uncertainty  of  roughly  3  ns  is  assumed. 

RESULTS 

The  p-i-n’s  were  shielded  with  about  1/4  in  of  Pb  which  virtually  eliminated  Brems  pickup. 

Arrangement  2  allowed  three  identical  measurements  that  can  be  compared  with  each  other  and 
with  the  three  ion  current  signals.  The  average  variation  among  the  three  p-i-n  signals  on  shots 
5995-5998  was  10-20  percent.  Similar  variations  in  the  current  signals  were  observed,  but  the 
two  were  not  azimuthally  correlated.  (The  three  dB/dt  loops  were  located  at  12,  4,  and  8:00,  and 
the  scattering  apertures  were  located  at  11,  3,  and  7:00).  Since  these  variations  are  within  the 
experimental  uncertainty  discussed  above,  the  lack  of  correlation  may  not  be  meaningful. 

Figure  3  shows  calculated  and  observed  signals  for  four  shots.  These  shots  are  chosen  to 
illustrate  the  range  of  agreement  in  shape  and  timing,  and  in  these  graphs  the  two  traces  are 
normalized  to  each  other  so  that  the  shapes  may  be  easily  compared.  The  first  few  shots  in  run  7 
had  a  much  larger  predicted/observed  signal  ratio  late  in  time,  while  the  reverse  was  observed  on 
a  few  shots  in  run  8  (see  shots  5998  and  6103  in  the  figure).  The  level  of  shape  agreement  seen 
on  shot  6013  is  representative  of  most  shots.  On  some  of  the  shots  at  the  end  of  run  8  (see  the 
last  column  in  the  spreadsheet)  the  observed  signal  has  an  unphysically-long  tail.  On  these  shots 
the  signal  level  was  not  particularly  high,  so  the  detector  was  not  saturated.  Perhaps  the  detector 
was  beginning  to  fail. 

In  general,  the  shape  and  timing  discrepancies  observed  with  the  pinch-reflex  diode  are  not 
observed  here.  On  run  7,  the  observed  signal  is  delayed  5  ns  on  the  average  relative  to  the 
predicted  signal.  This  is  seen  at  both  detector  distances  (as  in  shot  6013)  and  may  result  from 
some  timing  error.  On  run  8,  the  timing  agreement  is  better. 

Subject  to  the  abovementioned  uncertainties,  the  ratios  in  columns  11  and  12  of  the  spreadsheet 
can  give  information  on  the  proton  content  in  the  beam.  By  averaging  enough  shots,  the  random 
errors,  including  beam  non-uniformity,  can  be  smoothed  out.  The  comparison  of  integrals  may 
not  be  meaningful  for  shots  with  poor  shape  agreement,  or  especially  the  shots  with  tails  on  the 
observed  signal.  Nonetheless,  here  goes:  First,  note  that  the  shots  with  no  pulser  exhibited  lower 
ratios  on  the  average.  This  is  encouraging  as  it  suggests  that  the  EMFAPS  is  increasing  the 
proton  content  of  the  beam.  Shots  6010-6013  give  average  ratios  of  0.53  for  the  A1  and  0.67  for 
the  Ta  targets.  The  difference  may  not  be  statistically  significant  for  the  small  number  of  shots, 
and  is  within  the  experimental  uncertainty.  The  average  ratio  for  all  pulser  shots  in  run  8  is  0.82. 
Eliminating  the  shots  with  tails,  and  the  two  shots  with  the  highest  and  lowest  (shots  6101  and 
6106),  leaves  7  shots  with  an  average  ratio  of  0.66. 
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FARADAY  CUP 


The  calculated  and  observed  signals  from  our  one  shot  with  the  Cornell  Faraday  cup  are  shown  at 
the  bottom  of  Fig.  2.  The  design  of  this  cup  was  provided  by  Joe  Olson.  The  main  features  of 
this  cup  are  the  large  (5-mm  diam)  aperture,  the  lack  of  bias  voltage,  and  the  low  (0.05-0)  shunt 
resistor.  The  cup  was  located  in  1-Torr  air,  about  1.5  cm  behind  the  Kimfol.  The  tail  on  the 
observed  signal  is  not  understood  at  present.  Other  than  this,  the  agreement  with  prediction  is 
good,  and  consistent  with  the  Rutherford  scattering  results.  (The  Kimfol  will  stop  all  singly-,  and 
most  of  the  doubly-,  charged  carbon  ions,  but  the  cup  should  record  higher  charge  states. 
Therefore,  a  somewhat  higher  ratio  of  observed  to  predicted  signal  might  be  expected,  relative  to 
that  from  Rutherford  scattering.)  The  Faraday  cup  is  an  attractive  diagnostic  because  the  signal  is 
relatively  independent  of  the  diode  voltage,  and  most  of  the  geometric  uncertainties  involved  in 
Rutherford  scattering  are  avoided. 

CONCLUSIONS 

While  there  are  some  unexplained  features  in  these  data,  and  indications  that  on  some  shots  the 
ion  voltage  and/or  current  may  be  incorrect  later  in  time,  the  overall  picture  is  that  the  extracted 
ion  beam  is  roughly  2/3  protonic  and  consistent  with  the  diode  electrical  waveforms.  Both 
diagnostics  are  easy  to  field,  and  are  seen  to  work  reasonably  well  in  this  difficult,  high-current- 
density  environment.  Future  refinements  are  also  possible.  The  scattering  foil  can  be  expanded  to 
sample  a  larger  fraction  of  the  beam,  and  both  diagnostics  are  well-suited  to  being  fielded  in 
multiple  arrays  that  allow  spatial  resolution  of  the  beam.  Therefore,  information  on  both  the  total 
ion  current  and  its  distribution  can  be  obtained  in  the  future.  The  use  of  permanent  magnets  may 
allow  the  Faraday  cup  to  be  used  outside  the  cathode  return  flux,  and  even  in  experiments  with 
the  pinch-reflex  diode.  I  am  enthusiastic  about  the  potential  of  both  diagnostics  for  diagnosing 
transported  ion  beams  in  all  of  our  ion  beam  research  programs. 
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Abstract:  This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the 
reams  of  applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose 
here  is  to  get  the  data  out  on  the  table  and  to  identify  the  best  shots,  obvious 
trends,  and  any  unexpected  results. 

There  is  a  clear  hastening  of  the  ion-current  onset  with  an  increase  in  the  delay 
time,  reduction  in  the  gap,  and  decrease  in  the  field.  Before  closure,  the 
impedance  is  higher  at  higher  fields  and  shorter  delays.  For  very  short,  or  zero, 
delays,  the  impedance  is  markedly  higher  and  closure  appears  to  be 
significantly  reduced.  For  most  of  the  shots  examined  here,  the  time  of  closure 
appears  to  be  independent  of  the  field  magnitude,  gap,  or  pulser  delay  (for 
delays  of  60  ns  or  more).  The  seeming  independence  of  closure  time  of  field 
amplitude  may  be  reasonable,  assuming  that  the  electrode  plasmas  are 
collisional  enough  to  move  across  the  field  lines.  What  is  unexpected  is  the 
seeming  independence  of  closure  time  on  diode  gap.  Even  more  interesting  is 
the  strong  delay  in  closure  that  occurs  when  the  foil  is  not  pulsed,  or  pulsed 
soon  before  the  shot. 

For  proper  MID  performance,  we  need  fairly  rapid  current  onset,  an  ability  to 
control  the  impedance,  efficient  ion  production,  and  a  relatively  slow 
impedance  collapse.  The  shots  in  this  run  show  that  the  first  three  are 
achievable.  The  main  problem  is  the  rapid  impedance  collapse,  and  this  is 
where  our  thoughts  should  focus. 


INTRODUCTION 


This  is  one  of  a  series  of  teknotes,  composing  a  first  cut  at  analysis  of  the  reams  of 
applied-B  diode  (MID)  data  we  have  acquired  so  far.  The  purpose  here  is  to  get  the  data 
out  on  the  table  and  to  identify  the  best  shots,  obvious  trends,  and  any  unexpected  results. 
No  attempt  will  be  made  to  draw  final  conclusions  yet.  To  date  there  have  been  ten  MID 
runs.  The  first  three  runs  used  wax-filled-groove,  hereafter  referred  to  as  passive,  anodes. 
Run  4  was  our  only  attempt  with  POS-driven,  EMFAPS  anodes.  Run  5  was  the  first  run 
using  a  pulser  to  drive  the  EMFAPS  anodes.  On  run  6,  EMFAPS  anodes  were  used 
without  the  pulser.  In  this  case  the  early  electron  loss  current  returning  through  the  anode 
foil  is  used  to  form  the  anode  plasma.  These  will  be  referred  to  as  limiter-EMFAPS 
anodes,  although  a  physical  limiter  was  rarely  used.  Runs  7-10  used  pulser-EMFAPS 
anodes.  Results  from  run  8  have  already  been  presented  in  TN  94-16. 

MASTER  SPREADSHEET 

The  enclosed  spreadsheet  lists  all  shots  of  this  run  other  than  short-circuit  shots.  This  is 
part  of  an  evolving  master  spreadsheet  that  will  summarize  all  of  our  MID  data.  The  first 
page  gives  the  basic  shot  parameters.  The  second  and  third  columns  refer  to  the  distances, 
in  mm,  between  the  cathode  and  anode  surfaces,  and  the  extension  of  the  cathode  tips  (see 
Fig.  1).  The  difference  between  these  numbers  gives  the  closest  A-K  distance.  The  next 
four  columns  give  the  voltages,  in  kV,  of  the  four  magnetic  field  banks. 

In  analyzing  MID  data,  the  characteristics  of  the  anode  foil  are  somewhat  of  a  question 
mark.  Not  only  have  the  foils  not  been  completely  characterized,  but  we  don’t  know 
exactly  how  the  foil  characteristics  affect  diode  operation.  The  anode  foils  are  described 
by  at  least  two  parameters;  the  thickness  and  resistivity.  The  sputter-deposition  rate  of 
the  anode  foil  is  roughly  proportional  to  the  power  fed  to  the  sputtering  guns.  The  eighth 
column  refers  to  the  Watt-minutes  of  the  sputtering  process  and  is  thus  a  measure  of  the 
anode  film  thickness,  A  nearby  thin-film  monitor  is  used  to  diagnose  the  deposition 
process,  and  indicates  a  film  thickness  of  about  2  A/W-min.  (I  am  working  with  John  K. 
to  measure  the  resulting  film  thicknesses  directly.)  Subsequent  to  this  run,  we  began 
characterizing  the  foils  by  four-probe  resistance  measurements,  which  give  an  effeetive 
thickness  (column  9)  much  less  than  the  physical  value.  The  increased  resistivity  of  the 
foils  is  seen  to  depend  on  the  vacuum  conditions  during  deposition.  The  origin  of,  or 
practical  effect  of,  the  foil  resistivity  is  not  known  at  present.  Data  from  later  runs  affords 
comparisons  of  foils  with  both  different  thicknesses  and  resistivities,  and  indicates  that 
diode  behavior  is  not  strongly  affected  by  these  parameters. 

The  tenth  column  refers  to  the  presence  of  a  flux-excluding  insert  embedded  in  the  anode, 
not  used  for  this  run.  Column  1 1  gives  the  peak  foil  current  in  kA.  The  next  six  columns 
give  some  shot  parameters  in  normalized  units;  these  are  better  displayed  on  the  second 
sheet.  Finally,  columns  18  and  19  give  the  corrected  voltage  and  ion  current  at  peak  ion 
power. 
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The  second  sheet  presents  some  of  the  shot  parameters  in  more  useful  form.  (Obvious 
dud  shots,  such  as  5828,  are  not  included  on  this  sheet.)  Columns  7-9  give  the  ratios  of 
the  other  field  settings  to  IOC.  These  three  numbers  are  sufficient  to  describe  the  shape  of 
the  applied  field.  Column  10  gives  the  delay,  in  ns,  from  the  start  of  the  anode  foil  current 
to  the  start  of  the  diode  open-circuit  voltage  waveform.  The  next  three  columns  give  the 
diode  and  ion  beam  energies,  in  kJ,  and  the  energy  efficiency,  ei/e. 

Columns  14  and  15  give  the  ion  and  total  energies,  normalized  to  shot  6019  by  assuming 
that  the  energies  scale  as  the  peak  open-circuit  voltage  squared.  Shot  6019  had  a  typical 
open-circuit  voltage  for  a  32  kV  Marx  charge,  so  the  values  in  columns  14  and  15  might 
be  expected  if  the  shots  were  repeated  at  32  kV.  (A  26  kV  Marx  charge  was  used  for  this 
run.) 

Column  16  gives  the  ratio  of  diode  corrected  voltage  to  ion  current  at  peak  ion  power. 
ELECTRICAL  WAVEFORMS 

Several  key  waveforms  describe  the  diode  behavior.  VD  is  the  voltage  at  the  insulator. 
IK4T  is  the  average  of  three  B-dot  loops  located  just  outside  the  outer  cathode  tip  (see 
Fig.  1)  and  is  thus  the  total  diode  current.  IK3T  is  the  average  of  three  loops  located  just 
inside  the  outer  tip,  and  represents  the  sum  of  the  ion  current  and  the  electron  current 
emitted  from  the  inner  tip.  The  six  IK4  and  IK3  loops  are  recorded  individually  IK2T  is 
the  analog  sum  of  three  loops  just  outside  the  inner  tip,  and  gives  the  electron  current 
emitted  from  that  tip.  Other  diode  waveforms  include  the  shunt  and  door  currents,  ISHT 
and  lOUT.  From  these,  several  traces  are  calculated.  VCOR  is  the  corrected  voltage,  and 
Z  is  the  ratio  of  VCOR  to  IK4T.  The  ion  current,  IION,  is  given  by  the  difference  of 
IK3T  and  IK2T.  The  diode  and  ion  power  and  energy  are  also  calculated. 

Calibration  of  the  diode  monitors  based  on  short-circuit  shots  is  discussed  in  TN  94-09. 

On  short-circuit  shots  the  calibrations  are  constant  to  within  about  5  percent.  Other 
factors  may  come  into  play  on  diode  shots,  such  as  possible  bombardment  of  the  monitors 
by  the  ion  beam. 

Other  waveforms  recorded  include  the  pulser  output,  the  foil  current  (measured  close  to 
the  foil),  and  the  magnetic  field  coil  currents. 

RUN  FIVE  OVERVIEW 

A  Marx  charge  of  26  kV  was  used  bn  this  run,  as  compared  to  32  kV  on  recent  runs,  and 
36  kV  on  other  Gamble  II  experiments. 

This  run  comprised  23  shots  with  one  dud.  For  most  MED  shots  on  other  runs,  cathode 
tips  with  4-mm  extension  were  used,  but  6-mm  tips  were  used  on  the  shots  in  this  run. 
The  first  five  shots  were  taken  with  a  smaller  A-K  gap.  The  8-mm  gap  used  on 
succeeding  shots  is  typical  of  that  used  on  the  passive  shots. 


3 


All  anode  foils  on  this  run  were  nominally  similar,  and  relatively  thin  compared  to  most 
anodes  used  on  later  shots.  Also,  the  foils  on  this  run  were  coated  at  higher  base 
pressures  than  later  foils  and  so  were  probably  relatively  resistive.  Concurrent  bench 
measurements  indicate  fairly  uniform  foil  breakdowns.  The  active  anode  region 
(nominally  defined  by  the  width  of  the  aluminum  that  is  masked  from  deposition  of  the 
copper  current  contacts)  was  about  1.5  cm  wide  on  this  run.  Pickup  problems  prevented 
an  accurate  measurement  of  the  foil  current  on  this  run,  so  the  values  given  in  the 
spreadsheet  are  approximate.  The  first  of  several  pulser  versions  was  used  on  this  run, 
producing  a  peak  current  of  about  30  kA.  Cable  breakdowns  over  the  course  of  the  run 
reduced  this  to  about  20  kA  by  the  end. 

The  measured  field  coil  currents  on  this  run  are  consistent  with  the  bank  charging 
voltages. 

The  shunt  and  door  currents  agree  with  IK4T  to  within  the  measurement  accuracy.  This 
gives  confidence  in  the  total  diode  current  measurement  and  indicates  that  measurable 
current  does  not  flow  in  vacuum  upstream  of  the  diode.  Also,  the  inner  cathode  current 
IK2T  is  small  on  all  shots  in  this  run,  so  that  possible  errors  in  this  measurement  are  not  a 
concern.  IK3T  is  thus  the  key  diagnostic.  Emission  of  electrons  from  the  Kimfol  would 
cause  the  ion  current  to  be  over-estimated,  although  the  consensus  is  that  this  is  not  likely. 
Any  ion  current  to  the  outer  tip  would  be  recorded  as  electron  current.  Also,  ion 
bombardment  of  the  loops  could  cause  them  to  fail.  I  believe  that  these  are  both  unlikely, 
but  not  impossible,  on  this  run:  The  outer  edge  of  the  ion  emission  area  was  inside  the 
outer  cathode  diameter,  and  data  from  later  shots  indicates  that  the  ion  trajectories  were 
inward. 

No  beam  diagnostics  were  used  on  this  run. 

ELECTRICAL  DATA 

Figures.  2-5  show  electrical  data  from  shot  5818.  These  are  typical  waveforms  from  the 
main  field  configuration  used  on  this  run.  Fig.  2  gives  the  ion  and  total  currents,  corr^ted 
voltage,  and  impedance.  This  is  the  standard  graph  format  used  to  characterized  MID 
shots.  The  diode  produces  a  healthy  ion  current  with  high  efficiency,  but  with  a  quickly 
falling  impedance  that  reduces  the  voltage  to  an  uninteresting  value.  Analysis  shows  that 
energy  coupling  from  the  machine  is  hurt  more  by  the  low,  late-time  impedance  than  by 
the  early,  high  impedance.  The  ion  and  total  currents  appear  to  start  at  the  same  time. 
Figures  3  and  4  show  the  individual  IK4  and  IK3  signals.  The  variations  here  are  tjqpical 
of  the  run.  Figure  5  compares  the  insulator  and  corrected  voltages,  and  the  diode,  door, 
and  shunt  currents.  The  peak  insulator  voltage  on  this  shot  is  close  to  the  flashover  limit. 
Thus,  while  the  early,  high  impedance  does  not  have  a  large,  direct  effect  on  energy 
coupling  to  the  diode,  it  has  a  large  indirect  effect  in  preventing  operation  at  higher  Marx 
charge. 
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Note  that  the  electrical  behavior  beyond  120  ns  is  unphysical;  the  corrected  voltage 
reverses  sign  while  the  current  does  not.  This  is  also  seen  with  the  pinch-reflex  diode,  but 
in  that  case  the  action  is  already  over  by  then  and  nobody  worries  about  it.  I  do  not 
understand  the  cause  of  this  discrepancy  at  present.  Since  the  three  current  monitors  alt 
agree,  I  would  suspect  some  late-time  phenomena  in  the  diode  voltage  monitor.  The 
bottom  line  here  is  that  we  have  to  be  careful  in  interpreting  the  final  impedance  fall.  On 
shot  5818,  the  time  of  apparent  shorting-out  is  consistent  with  an  extrapolation  of  the 
earlier  impedance  (when  the  waveshapes  are  reasonable)  and  so  may  be  correct. 

Figure  6  shows  a  composite  of  IK2T  traces  from  all  other  shots  on  this  run  (except  5829 
and  5830,  where  there  were  problems  with  the  scope  channel).  On  most  of  these  shots  the 
electron  current  emitted  from  the  inner  cathode  was  negligible.  These  shots  all  had  the 
same  field  shape.  The  other  shots  used  a  different  field  configuration  as  discussed  below. 

Thirteen  of  the  22  shots  had  the  same  field  shape,  and  seven  of  those  had  the  same  field 
amplitude.  These  seven,  5817,  5816,  5818,  5824,  5830,  5829,  and  5823,  will  be  discussed 
first.  They  differ  only  in  the  pulser-to-generator  delay.  Shot  5817  (Fig.  7),  with  a  short 
delay,  is  typical  of  limiter-EMFAPS  shots:  the  diode  current  onset  is  quite  late,  and  the 
diode  impedance  remains  higher  than  when  the  pulser  is  used.  Shot  5816  had  conditions 
and  results  similar  to  5818.  Shot  5824  (Fig.  8),  with  a  longer  delay  than  5818,  had  a  very 
high  efficiency  and  gave  the  best  normalized  ion  beam  energy  of  this  run.  Shots  5823, 
5829,  and  5830  all  had  the  longest  delay.  Shot  5830  (Fig  9)  shows  a  more  rapid  current 
onset  than  5818,  with  similar  overall  results.  Shot  5823  (Fig.  10)  is  an  interesting 
comparison  with  5830.  The  two  are  similar  except  that  5823  shows  a  very  low  ion 
efficiency.  One  explanation  is  that  for  some  reason  the  IK3  loops  failed  on  this  shot  and 
the  ion  current  was  actually  much  larger  (all  three  loops  gave  a  similar,  small  signal). 
However,  the  ion  current  is  low  from  the  very  beginning,  so  the  loops  must  have  failed 
very  early.  If  the  ion  current  is  correct,  we  have  to  explain  why  the  electron  current 
increased  to  provide  the  same  total  current.  Such  phenomena  would  be  indicative  of  a 
significant  role  for  the  self-magnetic  field.  Shot  5823  is  one  of  three  shots  in  this  run 
exhibiting  anomalous  behavior.  Shot  5829  is  another  one,  as  it  shows  a  very  high  early 
impedance  typical  of  limiter-EMFAPS  shots.  On  this  shot  there  may  have  been  a  problem 
with  the  foil  breakdown. 

Impedance  traces  for  the  above  shots  are  compared  in  Fig.  11.  As  the  delay  increases,  the 
current  onset  begins  earlier.  Except  for  the  earliest  delay,  the  apparent  time  of  diode 
closure  is  not  correlated  with  delay.  This  is  also  seen  in  the  data  from  run  8  (TN  94-16) 
and  suggests  that  diode  closure  is  not  exacerbated  by  using  a  long  pulser  delay. 

The  next  six  shots  had  the  same  shape  but  different  field  amplitudes.  Shots  5825,5826, 
and  5827  had  a  10  percent  higher  field.  (Actually,  the  field  shape  on  these  shots  was  not 
exactly  the  same,  but  I  believe  that  the  difference  in  lOA  here  is  not  significant.)  On  shots 
5825  and  5827  (Fig.  12)  the  pulser  did  not  fire.  They  exhibit  the  expected  behavior  with  a 
late-falling  impedance.  It  is  interesting  that  the  early  electron  current  which  may  have 
flown  through  the  foil  is  small,  smaller  than  that  produced  by  the  pulser.  Could  there  be 
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another  explanation  for  the  anode  plasma  formation  that  must  have  occurred?  As  stated 
above,  the  foils  have  a  much  higher  resistivity  than  the  bulk  metallic  value.  Could  this 
resistivity  result  from  microscopic  regions  of  aluminum  oxide  that  form  a  microscopic, 
flashover  diode?  This  seems  far-fetched  but  may  be  worth  considering.  Shot  5826  shows 
behavior  very  similar  to  5825  and  5827,  even  though  the  pulser  fired  on  this  shot.  This  is 
the  third  anomalous  shot,  and  I  would  guess  that  there  was  some  problem  with  the  foil 
breakdown  here. 

Shot  5815  (Fig.  13)  had  a  20  percent  higher  field  than  5818.  The  results  are  not  too 
different  than  5818,  and  although  the  early  impedance  is  higher,  the  electron  loss  current  is 
no  lower,  the  apparent  closure  is  not  delayed,  and  the  normalized  ion  beam  energy  is 
lower. 

Shot  5813  (fig.  14)  had  a  40  percent  higher  field  than  5818.  Again,  the  early  impedance  is 
much  higher  but  closure  and  electron  loss  are  not  reduced.  Shot  5814  had  the  same  field 
but  no  pulser,  resulting  in  a  very  high  impedance  and  an  early  flash. 

Impedance  histories  for  three  field  strengths  are  compared  in  Fig.  15.  As  the  field  is 
raised,  the  impedance  starts  higher  but  crashes  faster.  In  retrospect,  a  shot  with  a  lower 
field  than  5818  might  have  been  interesting. 

Shots  5819-22  had  a  different  field  shape  than  the  above  shots,  with  lower  anode  fields, 
particularly  lOA.  This  would  be  expected  to  place  the  separatrix  toward  the  anode  coils 
and  to  tilt  the  lines  back  to  the  anode  at  large  radii.  Shots  5819  (Fig.  16)  and  5821 
showed  similar  behavior,  vwth  a  slower  impedance  collapse  but  lower  average  ion 
efficiency  than  shot  5818.  Shot  5820  (fig.  17),  with  a  long  delay,  had  the  best  diode 
impedance  for  this  run,  i.e.,  a  rapid  initial  fall  followed  by  a  relatively  slow  collapse. 
However,  the  ion  efficiency  was  relatively  poor.  Shot  5822,  with  no  pulser,  was  very 
similar  to  5817.  As  seen  in  Fig.  6,  these  shots  tended  to  have  higher  inner  cathode 
currents  than  the  former  series  of  shots.  Impedance  histories  for  shots  5816,  5818,  and 
5819  are  compared  in  Fig.  17a.  The  impedance  for  shot  5819  falls  more  slowly,  which  is 
odd  considering  that  this  shot  had  two  of  the  fields  turned  down.  On  these  shots,  the  ion 
efficiency  starts  out  similar  to  those  in  the  first  series,  but  then  gets  worse  after  about  20 
ns. 

The  remaining  five  shots  had  a  smaller  (5  mm  rather  than  8)  A-K  gap.  Shot  5812  had  the 
same  field  settings  as  5813,  although  the  field  configurations  may  have  been  different 
because  of  the  different  coil-set  spacing.  It  is  interesting  to  compare  the  impedances  on 
these  two  shots  (Figs.  18  and  14).  The  initial  impedance  fall  occurs  much  earlier  on  shot 
5812,  as  might  be  expected,  but  both  shots  appear  to  short  out  at  about  the  same  time. 
Shot  5812  shows  a  lower  ion  efficiency  than  the  shots  at  the  larger  gap. 

Shots  5808-1 1  had  the  same  field  shape.  These  shots  showed  similar  electrical  behavior  as 
summarized  in  Fig.  19.  Shot  5811,  with  a  short  delay,  does  not  show  the  later  current 
onset  that  occurs  on  short-delay  shots  at  the  larger  gap.  Also,  the  impedance  history  is 
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less  influenced  by  the  applied  field  (compare  Figs.  19  and  15).  The  inner-cathode  currents 
varied  on  these  shots  but  were  typically  of  the  level  on  shots  5819-22  (dashed  lines  in  Fig 
6)- 

One  feature  of  shots  5808-5812  is  that,  similar  to  shots  5819-5822,  they  start  out  with 
efficiencies  similar  to  those  on  shots  in  the  first  series,  but  show  a  transition  to  much  less 
efficient  behavior  after  20  ns  (except  for  shot  5809,  where  the  transition  occurs  after  60 
ns). 

ENERGY  COUPLING 

The  total  ion  beam  energy  is  probably  the  best  single  metric  of  diode  performance, 
because  we  want  voltage,  ion  current,  and  a  reasonable  pulsewidth.  Key  shots  have  been 
excerpted  from  the  spreadsheet  and  re-ordered  in  Fig.  20.  One  caveat  is  that  the  energies 
are  normalized  based  on  the  peak  open-circuit  voltage,  without  considering  the  open- 
circuit  voltage  waveshape  which  can  differ  shot-to-shot.  Also,  normalizing  the  energy  to  a 
higher  Marx  charge  may  not  be  valid  for  the  higher-impedance  shots,  because  they  might 
flash  at  the  higher  charge. 

Shots  5814  and  5829  are  not  listed  because  the  flashovers  that  occurred  will  distort  the 
energy  comparison.  Shot  5825,  which  had  a  high  ion  beam  energy,  is  not  listed  because 
on  this  shot  one  of  the  three  IKS  signals  was  suspiciously  large.  Shot  5826  is  not  listed 
because,  as  stated  earlier,  its  behavior  looks  like  that  of  a  limiter-EMFAPS  shot  and  it  is 
not  clear  what  happened  when  the  foil  was  pulsed.  Shot  5823  is  not  listed  because  of  the 
beforestated  unusually  low  (apparent)  ion  beam  efficiency.  The  remaining  shots  are  listed 
in  order  of  increasing  field  and  increasing  delay. 

Consider  the  first  five  shots,  which  had  the  same  fields  but  different  delays.  Shot  5824  has 
the  best  normalized  ion  beam  energy  and  one  of  the  highest  total  energies.  However,  the 
dependence  of  coupled  energy  on  delay  is  not  strong.  For  example,  on  shot  5817,  with  a 
very  different  impedance  history  (see  Fig.  15),  the  high  late-time  impedance  compensates 
for  the  slow  current  onset.  These  five  shots  have  average  normalized  ion  and  total 
energies  of  18.6  and  25.2  kJ.  ^ 

Now  consider  shot  5827,  with  a  slightly  different  field  shape  and  no  pulser  (which  is 
probably  the  important  difference).  This  shot  has  very  similar  normalized  energies.  Again, 
running  without  the  pulser  produces  a  markedly  different  impedance  history,  but  little 
difference  in  energy  coupling,  at  least  in  this  field  geometry. 

Shots  5815  and  5813,  with  increasing  fields,  show  declining  normalized  energies. 

Now,  consider  shots  5819-5822.  Here  the  total  normalized  energy  is  higher,  as  would  be 
expected  from  the  flatter  impedance  profiles  (Fig.  17a).  However,  the  normalized  ion 
energies  tend  to  be  lower,  reflecting  the  lower  ion  efficiency. 
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Likewise,  The  smaller-gap  shots  have  reasonable  normalized  energies  but  lower 
normalized  ion  energies,  because  of  the  low  efficiencies  on  these  shots. 

KEY  PPffiNOMENA 

Another  way  to  look  at  these  data  is  to  consider  separately  the  key  phenomena  that  affect 
diode  performance.  These  are:  ion  current  initiation,  efficiency,  impedance  tuneability, 
and  impedance  collapse.  These  aspects  are  best  examined  by  looking  at  Figs.  11,  15,  17a, 
and  19. 

The  current  onset  begins  earlier  at  longer  pulser  delays,  lower  fields,  and  the  smaller  gap. 

On  the  first  series  of  shots  examined  the  ion  efficiency  is  good.  At  the  smaller  gap  and 
with  the  different  field  shape  of  shots  5819-5822,  the  ion  efficiency  starts  off  similarly  but 
seems  to  show  a  transition,  at  about  20  ns,  to  a  lower  value. 

Increasing  the  applied  field  is  seen  to  raise  the  impedance  (Fig.  15)  but  not  to  impede  the 
eventual  collapse  -  the  impedance  starts  to  fall  later  and  then  comes  crashing  down,  and 
the  ion  beam  energy  is  not  increased.  Above  60  ns,  the  delay  shows  little  effect  on  the 
impedance  other  than  hastening  the  initial  fall.  At  the  smaller  gap,  the  impedance  history 
shows  no  strong  dependence  on  applied  field  or  delay.  The  impedance  histories  in  Fig.  19 
are  not  too  different  from  those  (at  all  but  the  shortest  delays  and  highest  fields)  at  the 
larger  gap  (obviously,  this  is  a  bit  of  an  apples-to-oranges  comparison). 

As  stated  above,  we  have  to  take  the  apparent  diode  closure  time  with  a  grain  of  salt 
because  of  the  unphysical  monitor  behavior  at  the  end  of  the  pulse.  Nonetheless,  it  is 
instructive  to  compare  the  apparent  closure  times.  Figures  11,  15,  and  19  imply  that, 
except  at  the  shortest  delays,  closure  occurs  at  about  130  ns,  independent  of  delay, 
magnetic  field,  or  gap.  Plasma  closure  might  not  be  expected  to  be  affected  by  the  field, 
but  one  would  certainly  expect  the  smaller  gap  to  be  associated  with  an  earlier  closure. 
Shot  5827,  with  no  pulser,  and  5817,  with  a  short  delay,  show  markedly  later  apparent 
closure.  Figure  17a  also  shows  that  shot  5819,  with  reduced  anode  fields,  appears  to 
close  later,  although  the  difference  is  not  as  dramatic  as  with  shots  5817  and  5827.  Figure 
21  shows  impedances  for  the  four  shots  with  the  field  shape  of  shot  5819.  All  show  the 
apparent  later  closure,  and  shot  5822,  with  no  pulser,  shows  the  even  later  closure  of 
shots  5817  and  5828. 

SUMMARY 

In  this  first  cut  at  revisiting  the  MED  data,  I  will  attempt  to  answer  four  questions  for  each 
run; 

(1)  What  are  the  key  shots,  in  terms  of  performance,  for  each  run? 
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I  would  say  that  the  three  best  shots  here  are  5824,  5819,  and  5827.  Shot  5824  had  the 
highest  normalized  ion  energy  and  a  peak  ion  current  density  exceeding  6  kA/cm^.  Shot 
5819  had  a  lower  ion  efficiency  but  a  more-slowly  falling  impedance  and  gave  the  second- 
highest  normalized  ion  energy.  Shot  5827,  a  limiter-EMFAPS  shot,  had  a  reasonable  ion 
efficiency  and  normalized  energy,  and  a  higher  voltage.  Extrapolating  this  shot  to  32  kV 
would  imply  an  ion  current  of  about  200  kA  and  voltage  of  1-1.2  MV  for  close  to  40  ns. 

(2)  Which  field  configurations  should  we  concentrate  on  mapping  out? 

(Except  for  the  slight  change  on  shots  5825-27,)  in  this  run  we  only  used  four 
configurations,  so  we  might  as  well  map  them  all  out.  Because  of  the  apparent  delay  in 
closure  on  shots  5819-21,  it  will  be  very  interesting  to  compare  the  field  geometry  on 
those  shots  with  that  on  shots  in  the  first  group. 

(3)  What  are  the  significant  trends  in  the  data? 

As  mentioned  above,  there  is  a  clear  hastening  of  the  ion-current  onset  with  an  increase  in 
the  delay  time,  reduction  in  the  gap,  and  decrease  in  the  field.  Before  closure,  the 
impedance  is  higher  at  higher  fields  and  shorter  delays.  For  veiy  short,  or  zero,  delays,  the 
impedance  is  markedly  higher  and  closure  appears  to  be  significantly  reduced.  For  most  of 
the  shots  examined  here,  the  time  of  closure  appears  to  be  independent  of  the  field 
magnitude,  gap,  or  pulser  delay  (for  delays  of  60  ns  or  more). 

(4)  What  are  the  most  puzzling  features  to  these  data? 

The  seeming  independence  of  closure  time  of  field  amplitude  may  be  reasonable,  assuming 
that  the  electrode  plasmas  are  collisional  enough  to  move  across  the  field  lines.  What  is 
unexpected  is  the  seeming  independence  of  closure  time  on  diode  gap.  Another 
interesting  comparison  is  shots  5819  and  5818  (Fig.  17a),  where  a  reduction  in  two  of  the 
fields  seems  to  cause  a  delay  in  closure.  The  latter  is  suggestive  of  a  picture  John  Greenly 
and  I  are  considering,  where  in  the  presence  of  strong  self-magnetic  fields,  the  applied 
field  acts  to  direct  electrons  more  than  to  insulate  them.  Even  more  interesting  is  the 
strong  delay  in  closure  that  occurs  when  the  foil  is  not  pulsed,  or  pulsed  soon  before  the 
shot.  Is  this  directly  related  to  the  effect  of  the  foil  current?  Or  is  it  an  indirect  effect, 
related  to  the  reduced  ion  current  that  occurs  at  short  or  zero  delays?  Also  interesting  is 
the  possible  interpretation  of  shots  5823  and  5830,  where  the  electron  loss  seems  to 
increase  as  the  ion  current  is  reduced. 

CONCLUSIONS 

For  proper  MID  performance,  we  need  fairly  rapid  current  onset,  an  ability  to  control  the 
impedance,  efficient  ion  production,  and  a  relatively  slow  impedance  collapse.  The  shots 
in  this  run  show  that  the  first  three  are  achievable.  The  main  problem  is  the  rapid 
impedance  collapse,  and  this  is  where  our  thoughts  should  focus. 
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SABRE  MID  Design 

SABRE  is  10  MV,  250  kA  accelerator  at  Sandia  National  Labs.  The 
on  GAMBLE  li  is  a  clone  of  the  original  SABRE  MID  design. 
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PULSED  POWER  PHYSICS  TECHNOTE  94-16 
TITLE;  ANALYSIS  OF  APPLIED-B  DIODE  RUN  8 
Author:  D.  Hinshelwood 

Date:  August  24,  1994 

Abstract:  This  note  contmns  an  analysis  of  results  from  the  recent  applied-B/EMFAPS 
diode  run  on  Gamble  H  (run  8).  These  results  allow  the  multidimensional 
parameter  space  of  the  applied-B/EMFAPS  diode  to  be  collapsed,  permitting  a 
more  controlled  set  of  experiments  on  the  next  run.  These  results  suggest  that 
diode  performance  is  still  limited,  at  least  in  part,  by  the  EMFAPS  behavior. 
The  results  point  to  a  path  for  achieving  ion  beam  conditions  with  this  diode 
that  are  suitable  for  initial  transport  experiments. 


INTRODUCTION 


Toward  the  end  of  applied-B  run  7,  we  had  two  shots  (6017  and  6019)  whose  electrical 
behavior  was  getting  close  to  that  desired.  After  the  run,  ATHETA  calculations  were 
performed  using  a  more  accurate  description  of  the  experimental  geometry.  These 
calculations  showed  that  the  magnetic  field  was  different  than  we  had  previously  believed. 
Jess  then  used  ATHETA  to  determine  the  field  currents  required  for  a  more  optimum  field 
geometry.  Run  8  was  to  be  carried  out  using  these  fields,  with  the  hope  of  improved 
diode  performance.  After  seeing  no  improvement  with  the  optimized  field,  shots  were 
taken  during  this  run  with  the  fields  of  shots  6017-6019.  None  of  these  shots  had  results 
quite  as  good  as  those  obtained  previously.  This  note  represents  an  attempt  to  analyze  the 
electrical  data  from  run  8.  Beam  data,  such  as  Rutherford  scattering  and  shadowbox 
results,  will  be  described  in  a  future  note.  Briefly,  Rutherford  scattering  indicates  that  the 
beam  at  present  is  50-70%  protonic.  The  results  of  the  analysis  here  suggest  that  a  path  to 
the  diode  performance  required  for  transport  experiments  does  indeed  exist.  The 
multidimensional  parameter  space  of  the  applied-B/EMFAPS  diode  can  be  collapsed, 
allowing  a  more  limited  variation  of  parameters  on  the  next  run. 

SHOT  6017  RESULTS 

Electrical  signals  from  shot  6017  in  run  7  are  shown  in  figure  1  as  a  point  of  reference. 
Ion  current  begins  within  10  ns  of  the  open-circuit  voltage  arrival,  and  r^sonable  ion 
efficiency  occurs  early  in  time.  Eventually,  however,  the  electron  current  increases  and 
loads  down  the  diode  voltage.  This  loading  is  both  resistive  and  inductive,  although  the 
latter  is  a  larger  effect.  Our  desired  operating  condition  of  roughly  1  MV  and  250  kA  is 
obtained,  but  only  for  about  1  ns.  The  ion  beam  energy  for  this  shot  is  15  kJ,  compared 
with  our  typical  PRD  results  of  30-40  kJ.  Part  of  this  difference  results  from  the  12% 
lower  Marx  charge  and  open-circuit  voltage  used  on  the  applied-B  diode  shots. 

Obviously,  we  would  like  to  reduce  the  electron  loss.  For  example,  if  there  were  no 
electron  loss  on  this  shot,  27  kJ  of  ions  would  have  been  obtained  based  on  the  open- 
circuit  voltage  waveform.  However,  the  general  electron  loss  behavior  seen  on  this  shot 
has  been  so  typical  that  this  may  not  be  possible.  (Perhaps  the  electron  loss  is  a  byproduct 
of  the  relatively  extreme  enhancements  required  on  Gamble  n  as  compared  with  LION, 
SABRE,  and  KALIF.)  Reducing  the  inductance  is  also  difficult.  Of  the  65  nH  in  this 
geometiy,  33  nH  are  inherent  to  Gamble  n,  1 1  nH  are  inherent  to  the  diode,  6  nH  result 
from  a  door  spacer  that  has  been  required  to  inhibit  flashover,  and  16  nH  result  from  the 
extension  we  use  to  improve  diagnostic  access.  Thus,  an  inductance  reduction  of  more 
that  about  15  nH  does  not  seem  feasible. 

We  have  sufficient  ion  current,  however,  that  decent  results  could  be  obtained  even 
without  eliminating  the  electron  loss.  Figure  2  shows  calculated  waveforms  assuming  a 
30%  reduction  in  both  the  electron  and  ion  current.  Here  we  get  an  acceptable  200  IcA  of 
ions  at  a  healthy  1-1.4  MV.  Operating  at  our  normal  (12%  higher)  Marx  charge,  still 
better  results  would  be  expected.  The  problem  is  that  the  calculated  insulator  voltage  in 


Fig.  2  has  increased  from  1.8  to  2.2  MV,  and  flashover  would  be  expected.  So,  while  on 
shot  6017  it  is  the  late-time  impedance  that  degrades  the  diode  operation,  in  principle  this 
problem  could  be  solved  by  operating  at  higher  impedance  if  only  the  early  time  insulator 
voltage  could  be  reduced. 

All  of  this  points  to  a  road  map  toward  obtaining  diode  performance  sufficient  for 
transport  experiments:  (1)  operate  with  a  higher  diode  impedance,  and  try  to  reduce  the 
early-time  insulator  voltage  by  improving  the  EMFAPS;  (2)  try  to  reduce  the  late-time 
electron  loss  by  optimizing  the  field  geometry,  etc.,  but  don't  depend  on  this  being 
possible;  (3)  if  all  else  fails,  use  power  conditioning,  such  as  an  upstream  POS/PFD,  to 
keep  the  insulator  voltage  down  early  in  time.  This  plan  will  be  discussed  further  after  the 
following  analysis  of  the  data  from  run  8. 

RUN  8  RESULTS 

Figures  3  and  4  show  the  magnetic  fields  calculated  for  shots  6017-9  ("6019  fields")  and 
6090  ("optimized  fields").  The  optimized  fields  are  produced  by  a  15%  reduction  in 
cathode  coil  currents  and  5%  increase  in  anode  coil  currents,  relative  to  those  on  shot 
6019.  Figure  5  shows  a  summary  of  shots  in  run  8,  along  with  shots  6019  and  6017  (on 
the  second  page).  The  early  part  of  this  run  was  star-crossed,  as  indicated  in  the  second 
column.  The  run  was  preceded  by  a  3-week  down  time  due  to  major  Marx  problems. 
Residual  Marx  problems  also  caused  shots  6075-8  to  fire  late  relative  to  the  magnetic 
field,  and  several  other  shots  to  prefire.  For  the  first  18  shots  the  inner  and  outer  anode 
coil  connections  were  reversed.  The  resulting  field  has  not  been  calculated  yet  but  will 
have  a  much  greater  inner/outer  flux  ratio  than  usual. 

(Regarding  ATHETA,  we  have  just  finished  a  direct,  in  situ  measurement  of  rAthgta. 
using  a  technique  suggested  by  Mike  Cuneo.  Jess  is  presently  analyzing  the  results.) 

The  first  several  shots  were  taken  with  a  5  mm,  rather  than  the  standard  7-mm,  gap.  A  1- 
mm-smaller  gap  was  used  on  shot  6098.  In  these  cases  the  gap  was  changed  by  moving 
the  coil  assemblies.  Therefore,  incomplete  field  diffusion  would  have  resisted  the  change 
in  Vcrit  by  partially  conserving  the  flux.  Shots  6091,  6108,  and  6110  had  fields  equal  in 
shape  but  reduced  10%  in  amplitude  from  shot  6090.  Shots  6092,3  had  cathode  fields 
reduced  by  a  further  5%. 

The  next  column  gives  the  A1  film  thickness  as  measured  by  a  nearby  thin-film  monitor  - 
the  actual  thickness  is  estimated  to  be  about  30%  greater.  The  following  column  ^ves  the 
thickness  calculated  from  the  foil  resistance  and  the  bulk  resistivity  of  Al.  The  standard 
foil  was  thus  about  1200  A  thick  and  had  a  resistance  about  5  times  greater  than  the  bulk 
value.  On  some  shots  a  3 -mil  Cu,  flux-conserving  insert  was  cast  in  the  anode  about  2 
mm  behind  the  foil. 

The  following  columns  list  the  time:  between  the  start  of  the  foil  current  and  the  arrival  of 
the  open-circuit  voltage;  between  the  voltage  arrival  and  the  moment  when  the  impedance 


drops  below  ten  f2;  the  time  between  z=10Q  and  the  diode  shorting;  the  time  between  the 
voltage  arrival  and  the  diode  shorting.  The  final  three  columns  give  the  ion  beam  energy, 
the  open-circuit  voltage,  and  the  ion  beam  energy  normalized  to  that  of  shot  6019,  by 
scaling  as  VOC  squared. 

Data  from  all  shots  are  presented  in  the  two  graphs  at  the  bottom.  As  these  shots  were 
taken  under  disparate  conditions,  scatter  is  to  be  expected.  The  left  graph  plots  the  diode 
shorting  time  against  the  diode  tum-on  time.  The  two  do  not  increase  together:  shots 
that  turn  on  early  do  not  short  early.  This  points  to  different  phenomena  behind  tum-on 
and  shorting.  The  right  graph  plots  the  tum-on  time  against  the  delay  time.  The  data  are 
noted  separately  because  of  the  scatter.  For  both  the  6019  and  optimized  fields,  there  is  a 
general  trend  toward  earlier  tum-on  as  the  pulser  delay  is  increased,  wWch  is  reasonable. 
Note  that  shots  6017  and  6019  lie  off  the  general  trend,  as  if  there  were  some  difference  in 
the  anode  plasma  formation,  i.e.,  a  more  eflScient  formation,  on  those  shots.  The  noted 
shots,  6078,  6103,  and  6108  represent  some  of  the  best  shots  fi-om  run  8  and  are  described 
further  in  the  next  section.  The  remaining  three  squares  at  the  bottom  of  the  graph 
correspond  to  shots  with  the  smaller  gap  and  reversed  anode  coil  connections. 

BEST  SHOTS  FROM  RUN  8 

Waveforms  from  the  three  best  shots  from  mn  8  are  shown  in  Figs  6-8,  and  the  impedance 
histories  are  compared  in  Fig  9.  Shot  6103,  the  best  of  the  run,  has  a  similar  impedance 
histoiy,  and  85%  of  the  ion  beam  energy,  as  shot  6017.  Almost  equal  results  were 
obtained  on  shots  6108  (optimized  fields)  and  6078  (wrong  connection,  late  machine).  It 
is  interesting  to  note  that  good  results  are  obtained  for  three  different  field  configurations, 
and  it  will  be  quite  useful  to  calculate  the  field  on  shot  6078.  In  particular,  it  would  be 
interesting  to  repeat  shot  6078  with  a  larger  gap  or  stronger  field.  All  of  these  shots  had 
relatively  rapid  tum-on.  Figure  10  shows  the  results  of  a  shot  taken  without  firing  the 
pulser;  the  foil  current  is  clearly  seen  to  have  an  effect. 

MORE  COMPARISONS 

Shots  with  different  pulser  delays  are  compared  in  Fig  11.  Increasing  the  delay  here 
hastens  the  tum-on  but  not  shorting,  as  shown  previously  on  the  two  graphs.  These  data 
indicate  that  we  may  not  be  driving  the  foil  hard  enough.  Figures  12-13  show  that  for  two 
field  configurations,  reducing  the  gap  does  not  reduce  the  tum-on  time  but  does  reduce 
the  subsequent  impedance.  Again,  without  running  ATHETA  we  do  not  know  precisely 
how  much  Vcrit  changes  when  the  gap  is  changed.  These  figures  suggest  that  improved 
performance  might  be  possible  with  larger  gaps. 

Figure  14  shows  similar  impedance  behavior  from  shots  with  two  different  field  strengths 
(see  the  table).  These  data,  along  with  the  good  results  obtained  for  three  field 
configurations,  indicate  that  diode  performance  is  not  strongly  affected  by  10%-level 
changes  in  the  field  configuration. 


Finally,  figure  15  shows  results  from  similar  shots  with  different  foil  thicknesses  and 
resistivities.  Thinner  foils  are  associated  here  with  faster  impedance  collapse,  although 
this  is  not  always  observed. 

Over  the  course  of  this  run,  as  well  as  on  a  few  shots  during  run  7,  no  consistent  effect  of 
the  flux-excluding  insert  has  been  observed. 

ROAD  MAP  TO  TRANSPORT  RESEARCH 

As  discussed  earlier,  future  plans  comprise  two  near-term  and  one  or  two  more  distant 
(-4-6  months)  steps.  Further  bench  tests  of  the  source  with  a  new  pulser  are  beginning 
now.  The  next  Gamble  11  run  is  planned  for  late  September.  Depending  on  the  outcome 
of  these  experiments,  we  may  wish  to  investigate  power  conditioning  and/or  further  diode 
optimization. 

The  upcoming  bench  experiments  will  be  carried  out  using  our  new  Marx/water-line  pulser 
and  higher-voltage  cables.  This  pulser,  which  will  be  described  in  a  future  note,  produces 
a  pulse  of  similar  amplitude  (35  IcA)  and  risetime  (20  ns)  as  the  previous  version,  but  with 
a  narrower  pulsewidth  of  30  ns  FWHM.  By  changing  the  Marx  capacitors  and/or  line 
length,  it  should  be  possible  to  produce  currents  up  to  50  kA  and  pulselengths  from  30-60 
ns.  We  plan  to  use  Stark  broadening  and/or  two-color  interferometry  to  better  diagnose 
the  plasma  density,  and  a  new,  gated  intensifier  to  better  observe  the  breakdown 
uniformity.  The  use  of  copper  and  steel  foils  will  be  studied,  and  targets  for  titanium  foils 
will  be  ordered  shortly. 

This  work  has  been  a  challenge  because  the  applied-B/EMFAPS  diode  has  such  a  huge 
parameter  space.  However,  the  results  of  runs  7  and  8  help  to  narrow  down  the 
optimization  process,  and  suggest  a  series  of  more-controlled  experiments  for  run  9. 
Since  minor  changes  in  the  field  configuration  are  not  seen  to  affect  greatly  the  diode 
performance,  it  makes  since  to  stay  with  the  6019  fields,  wtuch  have  given  the  best  results, 
for  the  near  term.  While  flux-excluding  inserts  have  so  far  shown  no  effect,  we  might  as 
well  keep  using  them.  Unless  the  upcoming  bench  tests  show  otherwise,  we  should  stay 
with  our  standard,  950  TFM,  -250  A  effective  thickness  A1  foils.  Assuming  that  we  wish 
to  keep  using  the  maximum  foil  current  possible,  the  remaining  variables  are  the  pulser 
delay,  the  foil  current  pulselength,  and  the  diode  gap.  The  latter  can  be  varied  either  by 
moving  the  coil  assemblies  or  by  changing  the  cathode  tips.  For  the  first  few  shots,  I 
would  suggest  using  the  same  tips  with  a  1  to  2  mm  wider  coil  spacing,  the  maximum 
possible  pulser  delay,  and  varying  the  drive  pulse  length. 

By  restricting  ourselves  to  the  above  four  variables,  we  will  be  able  to  begin  looking  at 
reproducibility  also. 

If  we  are  not  able  to  obtain  an  early  time  low  impedance  by  optimizing  the  EMFAPS, 
power  conditioning  will  be  necessary.  This  approach  is  less  attractive  because  of  the 
added  complexity.  On  the  other  hand,  it  may  make  our  diode  more  relevant  to 


experiments  on  SABRE.  If  power  conditioning  becomes  necessary,  the  work  required  can 
be  performed  partly  under  the  auspices  of  our  6.1  program  on  plasma-filled  diode 
research,  thus  minimizing  the  diversion  of  SNL-supplied  resources  from  our  major  goal  of 
transport  research. 
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PULSED  POWER  PHYSICS  TECHNOTE  94-19 


TITLE;  ANALYSIS  OF  RUTHERFORD  SCATTERING  AND  FARADAY  CUP  DATA 
FROM  APPLIED-B  DIODE  RUNS  7  AND  8 

Author;  D.  Hinshelwood 

Date;  September  21,  1994 

f 

Abstract;  Rutherford  scattering  has  been  used  to  diagnose  the  ion  beam  on  some  of  the  shots 
during  applied-B  diode  runs  7  (spring  1994)  and  8  (recently).  A  new  Faraday  cup, 
developed  at  Cornell,  was  also  used  on  the  last  shot  of  run  8.  Data  from  these 
diagnostics  are  discussed  and  compared  with  predictions  in  this  note.  While  there  are 
some  unexplained  features  in  these  data,  and  indications  that  on  some  shots  the  ion 
voltage  and/or  current  may  be  incorrect  later  in  time,  the  overall  picture  is  that  the 
extracted  ion  beam  is  roughly  2/3  protonic  and  consistent  with  the  diode  electrical 
waveforms.  Both  diagnostics  are  easy  to  field,  and  are  seen  to  work  reasonably  well  in 
this  difficult,  high-current-density  environment.  Future  refinements  are  also  possible. 
The  scattering  foil  can  be  expanded  to  sample  a  larger  fraction  of  the  beam,  and  both 
diagnostics  are  well-suited  to  being  fielded  in  multiple  arrays  that  allow  spatial 
resolution  of  the  beam.  Therefore,  information  on  both  the  total  ion  current  and  its 
distribution  can  be  obtained  in  the  future.  I  am  enthusiastic  about  the  potential  of  both 
diagnostics  for  diagnosing  transported  ion  beams  in  all  of  our  ion  beam  research 
programs. 


Rutherford  scattering  has  been  used  to  diagnose  the  ion  beam  on  some  of  the  shots  during 
applied-B  diode  runs  7  (spring  1994)  and  8  (recently).  A  new  Faraday  cup,  developed  at  Cornell, 
was  also  used  on  the  last  shot  of  run  8.  Data  from  these  diagnostics  are  discussed  and  compared 
with  predictions  in  this  note. 

The  relevant  shots  are  summarized  in  the  spreadsheet  on  the  following  page.  Columns  5  AND  6 
refer  to  the  anode  foil,  and  are  described  in  TN  94-16.  Column  7  is  the  ion  beam  energy  as 
determined  from  VCOR  and  IION.  The  column  “RS”  refers  to  the  scattering  arrangement  used. 
In  arrangement  1,  a  single,  NRL  p-i-n  was  used.  This  arrangement  allowed  for  some  shot-to-shot 
variation  in  geometry,  so  the  one  useful  shot  taken  has  not  been  analyzed.  Arrangements  2  and  3 
are  shown  at  the  top  of  Fig  1.  Here,  3,  1.9-cm  diam  apertures  defined  the  beam  area  on  the 
scattering  foil.  The  3  SNL  p-i-n’s  were  centered  in  2.1-cm  ED  tubes.  With  arrangement  2,  all  3 
scatterers  were  1.8-p,  Al,  and  the  p-i-n’s  were  located  18  cm  from  the  scatterers.  Arrangement  3 
used  2  thick- Al  scatterers  and  1  thick-Ta  scatterer.  The  p-i-n’s  were  located  18  cm  from  the  Al 
scatterers  and  88  cm  from  the  Ta  scatterer.  Arrangement  4  was  used  during  run  8,  and  is  shown 
at  the  bottom  of  Fig.  1.  Here,  the  beam  scattered  off  a  piece  of  thick  Al  foil  glued  to  a  1.3-cm 
wide  Al  bar  that  was  cut  to  45  degrees.  The  p-i-n  was  located  18  cm  from  this  bar.  In  all  cases 
the  p-i-n’s  were  covered  with  a  2.5-p  Ti  foil.  In  arrangements  2  and  3,  this  foil  usually  survived, 
as  the  aperture  plate  stopped  most  of  the  diode  debris.  With  arrangement  4,  where  this  plate  was 
not  used,  enough  debris  blew  into  the  tubes  to  break  the  foils  on  most  shots. 

CALCULATIONS 

The  predicted,  absolute  p-i-n  signals  were  calculated  in  ANALYSIS  using  VCOR  and  IION. 
Flashover  is  often  seen  to  produce  a  spurious  spike  in  VCOR.  Therefore,  on  flashover  shots  (see 
column  2),  VCOR  was  artificially  truncated  by  drawing  a  straight  line  between  its  value  at  the 
time  of  flashover  to  zero  at  the  time  of  impedance  collapse.  This  represents  a  reasonable  guess  of 
the  correct  voltage.  (Note:  the  ion  energy  in  column  7  of  the  spreadsheet  was  calculated  using 
VCOR,  rather  than  the  truncated  version,  so  the  values  given  are  probably  too  high  for  the 
flashover  shots.)  The  Ti  foil  thickness  on  the  p-i-n  was  increased  from  2.5  to  3  |i  in  the  code  to 
approximate  the  additional  stopping  by  the  diode  dead  layer.  The  code  asks  for  a  geometrical 
factor,  which  is  the  product  of  the  fraction  of  the  beam  area  that  is  scattered,  times  the  detector 
solid  angle.  The  factors  used  here  are:  1.1  x  lO"*  and  4.6  x  10‘*  for  the  Al  and  Ta  foils  in 
arrangements  2  and  3;  and  1  x  lO"*  for  arrangement  4.  Calculated  and  observed  signals  for  a 
typical  shot  are  shown  at  the  top  of  Fig.  2. 

Columns  9  and  10  give  the  ratio  of  the  time-integrated  p-i-n  signal  to  the  time-integrated 
predicted  signal.  Departures  of  this  ratio  from  unity  occur  due  to  some  combination  of  the 
following;  uncertainty  in  the  geometry,  stopping  coefficients,  ion  current,  and  voltage;  beam 
nonuniformity;  and  the  presence  of  non-protonic  ions  in  the  beam.  (The  p-i-n  foil  and  Kimfol 
together  will  stop  all  carbon  ions  at  these  diode  voltages.) 
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Fig.  1:  Rutherford  scattering  arrangements  used  in  runs  7  (top)  and  8  (bottom). 
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Fig.  2:  Calculated  and  observed  signals  from  Rutherford  scattering  (top)  and  the 
Cornell  Faraday  cup  (bottom). 
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UNCERTAINTffiS 


Calculation  of  the  yield  requires  the  fraction  of  the  beam  intercepted  by  the  detector,  the  detector 
solid  angle,  and  the  scattering  angle.  Inspection  of  the  end  views  in  Fig.  1  shows  that  with 
arrangements  2  and  3,  the  intercepted  beam  fraction  depends  on  the  beam  width  and  radius.  If  the 
beam  bends  inward,  as  was  observed  on  this  run,  the  intercepted  fraction  will  decrease.  This 
results  in  an  estimated  uncertainty  of  10-20  percent.  The  scatterer  shape  in  arrangement  4  was 
chosen  to  reduce  this  problem.  (Ideally,  a  pie-shaped  scatterer  would  be  used,  eliminating  this 
uncertainty  completely).  The  uncertainty  in  the  detector  solid  angle  is  estimated  at  about  5 
percent. 

The  average  scattering  angle  depends  on  the  distribution  of  ion  initial  radii  and  trajectories,  which 
may  well  vary  as  the  field  geometry  is  changed.  (The  possible  scattering  angles  in  these 
arrangements  range  from  about  76  to  96  degrees,  representing  a  factor  of  two  variation  in  the 
predicted  yield.)  One  shot,  6098,  was  taken  with  a  shadowbox  plate  at  the  Kimfol  location.  The 
data  from  this  shot  indicates  an  average  scattering  angle  of  86  degrees,  which  results  in  a  10 
percent  decrease  in  the  predicted  yield  from  that  at  the  nominal  90  degrees.  The  ratios  in  columns 
9  and  10  are  based  on  calculations  for  a  90-degree  scattering  angle.  The  ratios  are  multiplied  by 
1.1  in  columns  11  and  12  to  account  for  the  assumed,  average  angle  of  86  degrees.  The 
uncertainty  in  the  yield  associated  with  the  scattering  angle  is  estimated  to  be  about  15  percent. 
Taking  everything  together,  geometry-related  uncertainties  of  15-20  percent  for  arrangement  4 
and  20-25  percent  for  arrangements  2  and  3  are  assumed. 

Since  the  ions  scattered  from  a  thick  target  have  an  average  energy  on  the  order  of  half  of  the 
initial  energy,  which  is  itself  rather  low  on  these  shots,  attenuation  by  the  Kimfol,  air,  and  p-i-n 
foil  has  a  big  effect.  This  results  in  a  calculated  scattering  yield  that  is  more  than  proportional  to 
the  ion  voltage  and  strongly  affected  by  the  assumed  dEVdx  of  the  target,  foils,  and  air.  For 
example,  the  yields  calculated  for  these  shots  using  the  upgraded  stopping  coefficients  (see  TN 
94-17)  were  20-30  percent  less  than  those  calculated  using  the  old  values.  Based  on  Ziegler’s 
claim  of  3-5-percent  accuracy  in  dE/dx,  an  uncertainty  of  5-10  percent  is  assumed  here. 

The  current  and  voltage  waveforms  have  calibration  uncertainties  on  the  order  of  5  percent  each. 
In  addition  to  this  are  possible  waveshape  errors.  For  example,  the  inductive  voltage  correction  is 
susceptible  to  noise  on  the  diode  current,  and  the  ion  current  measurement  is  susceptible  to 
shielding  of  the  dB/dt  loops.  The  total  current-  and  voltage-related  uncertainty  in  the  calculation  is 
estimated  to  be  about  1 5  percent. 

The  composite  uncertainty  in  the  yield  calculation  is  thus  about  25  percent  for  arrangement  4  and 
25-30  percent  for  arrangements  2  and  3.  This  uncertainty  has  both  random  and  systematic 
components,  although  I  believe  that  the  former  dominate. 

On  run  8,  the  p-i-n  foils  were  destroyed  on  most  shots,  allowing  debris  to  deposit  on  the 
detectors.  The  small,  recessed  detectors  are  difficult  to  clean  and  it  is  possible  that  debris  may 
have  been  left  on  some  shots.  This  may  explain,  for  example,  the  very  low  yield  on  shot  6106. 
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A  timing  uncertainty  of  roughly  3  ns  is  assumed. 

RESULTS 

The  p-i-n’s  were  shielded  with  about  1/4  in  of  Pb  which  virtually  eliminated  Brems  pickup. 

Arrangement  2  allowed  three  identical  measurements  that  can  be  compared  with  each  other  and 
with  the  three  ion  current  signals.  The  average  variation  among  the  three  p-i-n  signals  on  shots 
5995-5998  was  10-20  percent.  Similar  variations  in  the  current  signals  were  observed,  but  the 
two  were  not  azimuthally  correlated.  (The  three  dB/dt  loops  were  located  at  12,  4,  and  8:00,  and 
the  scattering  apertures  were  located  at  11,  3,  and  7:00).  Since  these  variations  are  within  the 
experimental  uncertainty  discussed  above,  the  lack  of  correlation  may  not  be  meaningful. 

Figure  3  shows  calculated  and  observed  signals  for  four  shots.  These  shots  are  chosen  to 
illustrate  the  range  of  agreement  in  shape  and  timing,  and  in  these  graphs  the  two  traces  are 
normalized  to  each  other  so  that  the  shapes  may  be  easily  compared.  The  first  few  shots  in  run  7 
had  a  much  larger  predicted/observed  signal  ratio  late  in  time,  while  the  reverse  was  observed  on 
a  few  shots  in  run  8  (see  shots  5998  and  6103  in  the  figure).  The  level  of  shape  agreement  seen 
on  shot  6013  is  representative  of  most  shots.  On  some  of  the  shots  at  the  end  of  run  8  (see  the 
last  column  in  the  spreadsheet)  the  observed  signal  has  an  unphysically-long  tail.  On  these  shots 
the  signal  level  was  not  particularly  high,  so  the  detector  was  not  saturated.  Perhaps  the  detector 
was  beginning  to  fail. 

In  general,  the  shape  and  timing  discrepancies  observed  with  the  pinch-reflex  diode  are  not 
observed  here.  On  run  7,  the  observed  signal  is  delayed  5  ns  on  the  average  relative  to  the 
predicted  signal.  This  is  seen  at  both  detector  distances  (as  in  shot  6013)  and  may  result  from 
some  timing  error.  On  run  8,  the  timing  agreement  is  better. 

Subject  to  the  abovementioned  uncertainties,  the  ratios  in  columns  1 1  and  12  of  the  spreadsheet 
can  give  information  on  the  proton  content  in  the  beam.  By  averaging  enough  shots,  the  random 
errors,  including  beam  non-uniformity,  can  be  smoothed  out.  The  comparison  of  integrals  may 
not  be  meaningful  for  shots  with  poor  shape  agreement,  or  especially  the  shots  with  tails  on  the 
observed  signal.  Nonetheless,  here  goes:  First,  note  that  the  shots  with  no  pulser  exhibited  lower 
ratios  on  the  average.  This  is  encouraging  as  it  suggests  that  the  EMFAPS  is  increasing  the 
proton  content  of  the  beam.  Shots  6010-6013  give  average  ratios  of  0.53  for  the  A1  and  0.67  for 
the  Ta  targets.  The  difference  may  not  be  statistically  significant  for  the  small  number  of  shots, 
and  is  within  the  experimental  uncertainty.  The  average  ratio  for  all  pulser  shots  in  run  8  is  0.82. 
Eliminating  the  shots  with  tails,  and  the  two  shots  with  the  highest  and  lowest  (shots  6101  and 
6106),  leaves  7  shots  with  an  average  ratio  of  0.66. 
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Fig.  3;  Calculated  (solid)  and  observed  (dashed)  Rutherford  scattering  signals  from  four  shots.  In 
this  figure,  the  signals  are  normalized  in  amplitude  to  illustrate  shape  fidelity. 
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FARADAY  CUP 


The  calculated  and  observed  signals  from  our  one  shot  with  the  Cornell  Faraday  cup  are  shown  at 
the  bottom  of  Fig.  2.  The  design  of  this  cup  was  provided  by  Joe  Olson.  The  main  features  of 
this  cup  are  the  large  (5-mm  diam)  aperture,  the  lack  of  bias  voltage,  and  the  low  (0.05-Q)  shunt 
resistor.  The  cup  was  located  in  1-Torr  air,  about  1.5  cm  behind  the  Kimfol.  The  tail  on  the 
observed  signal  is  not  understood  at  present.  Other  than  this,  the  agreement  with  prediction  is 
good,  and  consistent  with  the  Rutherford  scattering  results.  (The  Kimfol  will  stop  all  singly-,  and 
most  of  the  doubly-,  charged  carbon  ions,  but  the  cup  should  record  higher  charge  states. 
Therefore,  a  somewhat  higher  ratio  of  observed  to  predicted  signal  might  be  expected,  relative  to 
that  from  Rutherford  scattering.)  The  Faraday  cup  is  an  attractive  diagnostic  because  the  signal  is 
relatively  independent  of  the  diode  voltage,  and  most  of  the  geometric  uncertainties  involved  in 
Rutherford  scattering  are  avoided. 

CONCLUSIONS 

While  there  are  some  unexplained  features  in  these  data,  and  indications  that  on  some  shots  the 
ion  voltage  and/or  current  may  be  incorrect  later  in  time,  the  overall  picture  is  that  the  extracted 
ion  beam  is  roughly  2/3  protonic  and  consistent  with  the  diode  electrical  waveforms.  Both 
diagnostics  are  easy  to  field,  and  are  seen  to  work  reasonably  well  in  this  diflRcult,  high-current- 
density  environment.  Future  refinements  are  also  possible.  The  scattering  foil  can  be  expanded  to 
sample  a  larger  fraction  of  the  beam,  and  both  diagnostics  are  well-suited  to  being  fielded  in 
multiple  arrays  that  allow  spatial  resolution  of  the  beam.  Therefore,  information  on  both  the  total 
ion  current  and  its  distribution  can  be  obtained  in  the  future.  The  use  of  permanent  magnets  may 
allow  the  Faraday  cup  to  be  used  outside  the  cathode  return  flux,  and  even  in  experiments  with 
the  pinch-reflex  diode.  I  am  enthusiastic  about  the  potential  of  both  diagnostics  for  diagnosing 
transported  ion  beams  in  all  of  our  ion  beam  research  programs. 
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PULSED  POWER  PHYSICS  TECHNOTE  93-03 


TITLE:  INITIAL  RESULTS  WITH  AN  EMFAPS  ON  GAMBLE  H 

AUTHOR:  D.  Hinshelwood 

DATE:  March  23,  1993 

ABSTRACT:  This  note  describes’^ the  results  of  our  first  shots  with  an  EMFAPS 

(Exploding  metallic  foil  anode  plasma  source)  installed  on  the  Sandia 
magnetically  insulated  diode  on  Gamble  n.  The  main  purpose  of  this  run 
was  to  relate  the  POS  conditions  (plasma  delay  and  injection  geometry)  to 
the  foil  and  POS  currents,  and  the  metallic  foil  arrangement  used  was  not 
expected  to  produce  a  veiy  uniform  ion  source.  Nonetheless,  on  two  shots 
we  did  obtain  significantly  improved  diode  performance.  Compared  to 
non-EMFAPS  shots,  these  shots  exhibit  a  faster-rising,  higher  ion  current, 
a  much  faster  initial  impedance  drop,  a  slower  subsequent  impedance 
collapse,  a  reduced  peak  insulator  voltage,  and  an  increased  ion  beam 
energy.  Plans  for  future  work  are  also  described  here. 


This  note  describes  the  results  of  our  first  shots  with  an  EMFAPS  (Exploding 
metallic  foil  anode  plasma  source)  installed  on  the  Sandia  magnetically  insulated  diode  on 
Gamble  II.  The  main  purpose  of  this  run  was  to  relate  the  POS  conditions  (plasma  delay 
and  injection  geometry)  to  the  foil  and  POS  currents,  and  the  metallic  foil  arrangement 
used  was  not  expected  to  produce  a  very  uniform  ion  source.  Nonetheless,  on  two  shots 
we  did  obtain  significantly  improved  diode  performance. 

A  drawing  of  the  experiment  is  shown  below; 


Six  plasms,  guns  inject  plssms.  from  the  cathode  to  six  steel  bolts  which  are  located 
on  the  anode,  but  insulated  from  it  by  Delrin  bushings.  The  anode  tip  comprises  two 
concentric  stainless  rings  connected  by  Thermoset  (600/70)  epoxy.  A  metallic  foil  on  the 
epoxy  surface  bridges  these  rings.  The  inner  ring  is  connected  to  the  sbe  bolts.  When  the 
generator  is  fired  the  current  flows  along  the  anode,  past  the  buslungs,  through  the  fr)il, 
out  the  bolts,  and  through  the  plasma  across  to  the  cathode.  This  current  heats  the  metal 
foil,  desorbing  adsorbed  gases  and/or  surface  contaminants.  This  material  is  subsequently 
ionized  by  the  voltage  across  the  foil,  resulting  in  an  anode  plasma.  Eventually  the 
bushings  flash  over  due  to  the  inductive  and  resistive  voltage  drop  and  because  MHD 
forces  push  the  plasma  channels  forward  from  the  bolts  and  off  the  bushings.  At  this  point 
the  foil  current  crowbars  and  subsequent  generator  current  flows  in  a  standard  POS 
arrangement.  Finally,  the  switch  opens  and  energy  is  transferred  to  the  diode. 
Performance  of  this  source  depends  critically  on  the  timings  of  both  the  foil  current 
crowbarring  and  the  switch  opening. 

Because  of  a  bug  in  the  ATHETA  program  we  were  not  able  to  calculate  the  exact 
applied  magnetic  field  configuration  in  this  experiment.  Sandia  personnel  are  fixing  this 
bug;  in  the  mean  time,  the  calculated  configuration  used  immediately  prior  to  this  run  was 
used  as  a  starting  point.  This  configuration  is  shown  below: 
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The  EMFAPS  anode  tip  extends  6.4  mm  beyond  the  tip  in  the  configuration  above.  To 
compensate  for  this  in  the  absence  of  a  code  calculation,  the  cathode  coil  curents  were  left 
unchanged  while  the  outer  and  inner  anode  coil  currents  were  increased  by  25  and  18 
percent,  respectively.  To  reduce  cost  and  fabrication  time,  stainless  rather  than  titanium 


was  chosen  for  the  EMFAPS  anode  tip.  Most  of  the  tip  is  fairly  thin,  and  in  ‘j'® 

inner  ring  is  spun  ftom  0.004-cm  sheet.  With  a  coil  current  rise  tune  of  about  100  tis  the 
calculati  skta  depth  is  about  0.8  cm  so  that  field  penet.at.on  should 
The  EMFAPS  diode  gap  is  0.4  mm  smaller  than  the  8-mm  gap  m  the  confi^  • 

Since  we  do  not  yet  have  a  coating  capability,  the  vapor-deposited  metdlic  foil 
was  replaced  by  an  aluminized  mylar  foil  which  was  attached  to  the  stmnless  anode  rings 
with  conducting  epoxy.  The  epoxy  was  not  expected  to  provide  a  suitable  current  wn 
and  indeed  the  measured  resistance  was  about  1  H,  much  greater  than  that  exp^  e 
the  foU  alone.  This  may  be  due  in  p^  to  a  low-voltage  contact  resistance,  but  in  general, 

arcing  and  assymetrical  current  flow  through  the  foil  would  be  expected. 

The  Delrin  bushings  have  steps  so  that  additional  msulation  can  be  pla(^  under 
them  if  needed.  The  insulation  used  at  ComeU  extends  farther  from  the  POS  current 
contact  than  these  bushings  do,  and  premature  flashover  of  the  buslungs  may  be  a  problem 
here  Because  our  transit  time  isolator  is  not  weU  shielded,  we  have  had  trouble  in  the 
past  extracting  signals  through  it.  Since  measurement  of  the  foil  current  is  so  mportant, 
the  RogowsW  was  wound  with  about  50,  5-mm  diam  turns  ^d  “Jte^at^  m  the  scr^n 
room.  During  calibration  the  time  response  was  observed  to  be  better  than  10  ns, 

sufiBcient  for  this  experiment.  . 

Cable  guns,  developed  by  John  Goyer  at  PI,  are  used  for  the  plasma  source.  These 

have  a  60®  cone  machined  in  them  which  greatly  increases  the  resultmg  plasma  density 
relative  to  that  produced  by  Mendd  guns  (  we  used  cable  g^ns  our  old  Mendel 

guns  are  in  dubious  condition).  Therefore,  the  plasma  flow  mto  the  POS  re^on  must  be 
highly  attenuated  in  order  to  have  a  reasonable  gun-to-generator  tunmg  window  for  ths 
experiment.  A  large  part  of  this  run  compnsed  short  circuit  shots  to  dete^e  P 
tirLg  scans  for  several  gun  arrangements.  For  these  shots  the 
replaced  by  metal  washers  and  a  short  circuit  was  placed  m  the  diode.  ImUally,  tiie  guns 
were  recessed  in  the  8-cm  tubes  shown  in  the  drawing,  with  6-mm 
This  produced  too  much  plasma.  Next,  only  three  guns  were  used  ^d  the  doghouse 
voltage  was  reduced  to  17.5  kV.  Our  two  good  shots  were  obtained  wiA  this 
arrangement  although  the  timing  window  was  narrow.  No  conduction  at  all  w^  f 
when  the  0.6  uF  doghouse  cj^iadtors  were  replaced  with  0.02  pF  caps.  Fmally,  e 
apertures  were  reduced  to  2-mm  diam  as  shown  in  the  drawng,  and  aU  six  ^ns  were  used 
with  a  25  kV  doghouse  voltage.  The  timing  window  is  still  narrow  with  this  arrangement 

and  even  smaller  apertures  will  be  used  in  the  fiiture. 

Typical  short  circuit  shots  are  shown  below;  These  shots  were  taken  using 
different  gun  configurations  so  the  timings  can  not  be  compared  directly,  but  they  ^e 
representative  of  all  the  short  circuit  data.  At  small  delays  (for  a  given  configuration)  the 
load  current  is  simply  delayed,  at  longer  delays  poor  switching  is  indicated,  and  nsehme 
sharpeneng  is  never  obsereved.  Poor  switching  would  be  expected  in  positive  polarity  at 
such  a  large  radius,  but  also  note  that  there  are  no  anode  momtors  in  this  experiment  and 
some  of  the  Toss"  could  be  vacuum  electron  flow. 
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Diode  behavior  on  these  three  shots  is  compared  further  in  the  next  sbe  graphs. 
The  impedance  is  defined  here  as  the  corrected  voltage  divdded  by  the  door  current.  The 
electron  current  is  obtained  by  subtraefing  the  ion  current  fi'om  the  door  current,  and  thus 
includes  any  vacuum  electron  flow  fi'om  the  switch.  The  efficien<^  is  defined  as  the  ion 
current  divided  by  the  door  current.  The  most  prominent  feature  of  these  graphs  is  the 
much  fester  initial  impedance  drop  on  the  two  EMFAPS  shots.  These  two  exhibit 
relatively  similar  impedance  beha\ior  although  shot  5595  shows  a  slightly  faster  initial 
drop  and  significantly  slower  subsequent  collapse.  This  similarity  is  interesting  in  view  of 
the  great  difference  in  ion  current  between  these  two  shots.  While  shot  5594  shows  a 
higher  ion  current  than  shot  5584,  the  ion  efficiency  is  actually  reduced  relative  to  the  non- 
EMFAPS  shot.  One  possibility  is  that  the  difference  in  impedance  behavior  between  the 
EMFAPS  and  non-EMFAPS  shots  is  not  due  to  the  improved  ion  source  but  is  related 
rather  to  some  subtle  difference  between  the  magnetic  field  contours  of  the  two 
<X)nfigurations..  This  <x)uld  allow  more  electron  loss  on  shot  5594.  On  shot  5595,  the 
additional  ion  current  (X)uld  cxjnceivably  help  to  insulate  the  electron  loss,  maintaining  the 
same  total  current,  analagous  to  the  critical  current  of  a  self-insulated  diode. 
Alternatively,  the  similar  impedance  behavior  on  the  EMFAPS  shots  could  be  fortuitous: 
On  shot  5595  the  rapid  drop  results  fi'om  the  ion  current.  On  shot  5594  the  total  ion 
current  is  presumably  reduced  because  of  a  poorly  formed  ion  source,  and  John  Greenly 
has  pointed  out  that  any  a2imuthal  asymmetiy  in  the  ion  current  cjould  also  cxuise  an 
increased  electron  loss. 
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Results  from  the  diode  shot  below  show  an  interesting  feature.  Shot  5610  had  the 
same  switch  configuration  as  shot  5607  above  and  a  smaller  delay.  However,  the  switch 
appears  to  conduct  more  current  on  shot  5610.  Similar  behavior  was  observed  on  other 
pairs  of  shots.  John  Greenly  has  observed  this  feature  at  Cornell  also.  In  the  graphs 
which  follow,  the  door  current  is  measured  by  four  summed  B-dots  located  in  the  first  part 
of  the  vacuum  section  and  upstream  of  the  switch.  The  diode  current  is  measured  by  three 
summed  B-dots  located  just  outside  the  outer  cathode.  The  ion  current  is  obtained  by 
subtracting  signals  from  two  sets  of  three  summed  B-dots,  located  just  inside  the  outer 
cathode  and  just  outside  the  iimer  cathode.  In  practice,  the  latter  signal  is  almost 
negligible  as  seen  below,  indicating  that  little  electron  current  is  emitted  from  the  inner 
cathode.  (John  Greenly  has  suggested  that  this  is  a  good  operating  situation  for  an  MID.) 
The  B-dot  signals  are  integrated  and  then  an  ad  hoc  correction  is  applied  to  compensate 
for  the  time  reponse  degradation  resulting  from  field  diffusion  around  the  monitors.  This 
consists  of  an  RC  time  constant  correction  using  a  negative  time  constant  whose  value  is 
chosen  to  give  the  best  waveshape  match  on  short  cirsuit  shots. 

On  the  MID  shots  taken  before  this  run  the  calibration  for  the  diode  current  signal 
appeared  to  change  from  shot  to  shot,  as  if  one  of  the  individual  B-dots  was  not  working 
and  this  monitor  was  basically  useless.  After  the  first  few  shots  on  this  run  things  seemed 
to  settle  down  but  still  the  calibration  (as  determined  from  periodic  short  circuit  shots 
without  plasma)  varied  by  ten  percent  or  so  during  the  run.  With  the  POS  this  diagnostic 
is  vital  and  by  the  end  of  this  mn  all  three  B-dots  on  both  sides  of  the  outer  cathode  were 
recorded  individually.  This  will  be  continued  in  the  future  so  that  if  one  B-dot  is  obviously 
unphysical  its  signal  can  be  discarded.  The  anode  current  monitors  were  not  useable 
because  of  our  noisy  transit  time  isolator.  In  the  future  a  high  priority  should  be  placed  on 


installing  a  better  isolator  so  that  at  least  the  total  diode  anode  current  can  be  measured  to 

characterize  better  the  POS.  ^ 

On  shot  5610  the  foil  current  reaches  about  25  kA  before  it  crowbars, 
shots  it  reached  as  high  as  50  kA,  so  that  premature  flashover  of  the  Delnn  bushings  may 

VhTright  hand  graph  shows  signals  from  individual  B-dots.  both  outside  and  inside 
the  outer  cathode.  Note  the  great  asymmetry  -  one  of  the  ion  currents  ^eg-s  weU  beto 
one  of  the  diode  currents.  This  asymmetry.is  likely  associated  with  the  poor  sv^tchmg 
large  foil  current,  and  is  hopefully  not  representative  of  a  shot  with  lower  POS 

conduction. 


Three  shots  are  compared  in  more  detail  in  the  following  graphs.  Shot  5584  is  the 

last  shot  taken  before  the  EMFAPS  hardware  was  install^,  ^e  ““3 

shown  previously  were  calculated  for  coil  currents  used  on  this  so. 

5595  wL  taken  during  this  run.  These  shots  had  the  same  switch  confi^ration  and  delay 
time  and  show  no  measureable  switch  conduction  (I  believe  that  the  dicrep^i^  betw^n 
the  door  and  diode  currents  arises  from  problems  with  the  diode  momtor).  On  both  shots 
a  crowbarred  foil  current  of  about  5  kA  is  observed,  indicating  that  some  sm^l  ^rrent 
conduction  through  the  switch  did  occur.  These  two  shots  differ  in  that  ^  much  ^er  ion 
current  is  obsenred  on  shot  5595.  Since  everything  else  was  the  s^e  this 
attributed  to  the  foil  conditions;  evidently  the  foil  current  on  shot  5594  flow^  m  such  a 
way  as  to  produce  a  poor  anode  source.  Such  a  shot  to  shot  vanation  could  be  expected 

for  the  relatively  crude  foil  arrangement  used  in  this  run.  ^ 

The  calculated  open  circuit  voltages  for  these  three  shots  have  the  same  riimng, 
shape,  and  amplitude  so  that  waveforms  from  each  shot  may  be  compared  directly.  Note 
the  much  smaller  current  on  the  non-EMFAPS  shot. 


In  any  event  the  results  so  far  are  encouraging.  Even  with  the  rather  crude  foil 
current  contacts,  on  two  shots  (one  other  like  shot  5595  occurred)  we  have  obtained  a 
much  improved  impedance  behavior  (which  may  not  be  due  completely  to  the  ion  source), 
both  in  terms  of  the  faster  initial  drop  and  slower  subsequent  collapse,  and  a  much  greater 
ion  eflSciency.  The  faster  initial  impedance  drop  results  in  a  greatly  reduced  peak  diode 
voltage.  Since  the  peak  ion  current  occurs  earlier,  the  average  ion  voltage  is  not  reduced 
and  the  ion  beam  power  is  increased,  as  shown  in  the  last  two  graphs.  The  ion  beam 
energy  has  been  increased  by  50  percent.  The  reduced  peak  insulator  voltage  should  -allow 
operation  without  flashover  at  an  increased  machine  charge  and  thus  allow  higher  ion 
voltages  to  be  achieved.  With  a  proper  (i.e.,  vacuum  deposited)  foil  arrangement,  further 
improvement  in  the  ion  current  onset  and  fraction  may  be  expected. 

The  main  thrust  of  work  in  the  immediate  future  will  be  to  develop  a  coating 
capability  here.  The  deposition  so  fer  at  both  Cornell  and  KfK  has  been  performed  using 
themal  evaporation.  While  suitable  for  aluminum  and  copper,  this  technique  is  generally 
difficult  for  titanium  and  palladium  (although  Hans  Bluhm  says  that  they  have  had  no 
difficulty).  While  we  were  first  told  that  anything  other  than  a  thermal  evaporation  system 
would  be  too  costly,  I  now  see  that  a  sputter  deposition  system  should  be  quite  affordable 
and  will  give  much  greater  capability  than  a  thermal  evaporation  system.  I  am  in  contact 
with  the  Sandia  technician  who  vfill  be  assisting  Mike  Cuneo  and  should  have  the 
necessary  equipment  ordered  soon.  Also,  a  local  contractor  has  offered  both  to  coat  some 
anodes  in  the  interim  and  to  help  us  (as  a  paid  consultant)  get  started. 

Beyond  this,  as  soon  as  ATHETA  is  available  we  should  model  the  EMFAPS 
configuration  with  the  goal  of  optimmng  the  field  configuration.  And,  as  stated  before  the 
transit  time  isolator  should  be  improved  to  the  point  where  we  can  monitor  the  anode 
currents  in  the  diode. 

Finally,  Ron  and  Steve  have  suggested  that  we  should  consider  tiying  to  drive  the 
foil  with  an  external  pulser.  After  discussing  this  idea  we  have  some  thoughts  on  how  to 
do  this  and  may  get  around  to  trying  them.  If  successful,  this  approach  would  add  a  large 
measure  of  control  to  the  EMFAPS  technique. 
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Abstract:  We  have  developed  an  EMFAPS  pulser  that  satisfies  our  initial  design  goal  of 
50  kA  and  a  <10-ns  risetime.  The  pulser  consists  of  a  3-stage  Marx,  water 
PFL,  solid  stab  output  switch,  and  multiple-cable  feed  to  the  diode.  This  note 
describes  the  goals  and  design  process,  briefly  recounts  earlier  versions  of  the 
pulser,  and  then  describes  in  detail  the  present  pulser  and  feed  arrangement. 
Finally,  thoughts  on  how  to  increase  the  output  in  the  future  are  given. 


INTRODUCTION 


We  have  developed  an  EMFAPS  pulser  that  satisfies  our  initial  design  goal  of  50  kA  and  a 
<10-ns  risetime.  We  have  just  sent  a  duplicate  pulser  to  Mike  Cuneo  at  SNL,  and  this 
seems  like  a  good  time  to  document  its  design  and  summarize  the  work  done  so  far.  This 
note  describes  the  goals  and  design  process,  briefly  recounts  earlier  versions  of  the  pulser, 
and  then  describes  in  detail  the  present  pulser  and  feed  arrangement.  Finally,  thoughts  on 
how  to  increase  the  output  in  the  future  are  given.  Some  of  what  follows  is  being  written 
just  so  I  won’t  forget  it,  and  most  readers  will  want  to  skim  over  parts  of  it. 

DESIGN  GOALS 

The  main  objective  of  our  EMFAPS  development  is  to  improve  the  performance  of  the 
Gamble  II  applied-B  diode  for  transport  experiments,  by  increasing  the  proton  fraction  and 
hopefully  by  decreasing  the  ion  tum-on  time.  Until  recently,  we  planned  to  use  the 
SABRE  diode  furnished  to  us  by  SNL.  While  not  the  highest  priority,  we  also  hoped  to 
be  able  to  assist  the  development  of  an  EMFAPS  on  SABRE.  For  both  objectives  we 
envisioned  the  need  for  bench  experiments. 

The  first  step  was  to  establish  design  goals  for  the  foil  current  pulse.  At  Cornell,  a  POS  is 
used  to  divert  about  100  kA  through  the  foil  with  a  5-10  ns  risetime.  At  KfK,  a  similar 
scheme  is  used  to  drive  200-kA  level  currents,  also  with  a  5-10  ns  risetime.  The  minimum 
current  and  maximum  risetime  for  satisfactory  operation  were  (and  are)  not  well 
established.  Since  the  SABRE  diode  has  about  half  the  circumference  as  the  LION  diode, 
John  Greenly  and  I  agreed  that  roughly  50  kA  current,  with  a  5-10  ns  risetime,  would  be  a 
good  goal  for  our  experiment. 

Three  approaches  for  providing  this  current  were  considered;  (1)  diverting  some  of  the 
machine  pulse  through  a  POS,  as  is  done  in  the  other  experiments;  (2)  diverting  some  of 
the  machine  pulse  through  a  direct  connection,  using  some  sort  of  pickoff;  and  (3)  using 
an  external  pulser. 

We  began  by  trying  the  POS  approach,  using  the  same  arrangement  used  at  Cornell  and 
KfK.  This  approach  did  not  work  on  Gamble  11  because  of  difficulties  in  synchronizing 
the  POS  plasma  source  with  the  generator,  arising  from  the  ~1  ps  Marx  jitter.  In 
principle,  this  difficulty  could  be  overcome.  The  sequence  of  a  Gamble  n  shot  is  as 
follows:  The  Marx  fires,  with  large  jitter;  about  1.4  ps  later,  the  water  switch  closes,  with 
about  200  ns  jitter;  about  200  ns  later,  the  oil  switch  closes,  with  ~10  ns  jitter;  and  power 
reaches  the  load  80-90  ns  later.  One  could  envision  developing  either  a  slow  plasma 
source  that  could  tolerate  the  Marx  jitter,  or  a  fast  source  that  could  tolerate  the  water 
switch  jitter.  Developing  such  a  source  might  be  no  more  difficult  than  developing  a 
suitable  external  pulser  for  (3)  above.  Nonetheless,  we  decided  to  abandon  the  POS 
approach  and  to  proceed  with  (3).  The  main  reason  for  this  was  that  an  external  pulser 
would  allow  the  foils  to  be  driven  on  the  bench  with  the  same  waveform  used  on  machine 


shots.  We  were  further  motivated  by  the  fact  that  this  was  also  the  direction  chosen  by 
KfK. 

Before  proceeding  with  the  pulser,  Ron,  Steve,  and  I  spent  some  time  considering  the 
possibility  of  driving  the  foil  directly  from  some  sort  of  machine  pickoff.  Such  an 
approach  could  be  simple  to  field  and  should  eliminate  jitter  between  the  foil  current  and 
the  generator  pulse.  However,  we  could  not  come  up  with  a  good  way  of  producing  the 
necessary  current  pulse.  The  arrangements  we  considered  that  would  provide  sufficient 
current  through  the  foil  early  in  the  pulse,  would  drive  excessive  currents  later  in  the  pulse. 
Our  analysis  was  not  exhaustive  and  this  problem  perhaps  could  have  been  solved,  but 
there  were  other  arguments  against  this  approach.  It  probably  would  not  be  transferrable 
to  SABRE,  because  the  two  machines  are  so  different.  Also,  any  pickoff  would 
presumably  be  mounted  on  the  inside  of  the  center  conductor.  Gaining  access  requires 
removal  of  the  generator  front  end,  with  a  2-way  turnaround  time  of  at  least  a  day.  This 
would  greatly  complicate  the  debugging,  optimization,  and  adjustment  that  would  be 
needed  initially.  And  most  important,  the  driving  pulse  again  would  not  be  replicated  on 
the  bench. 

Once  we  decided  to  develop  an  external  driver,  the  next  question  was  where  to  locate  it. 
Locating  the  driver  close  to  the  load  could  allow  more  efficient  coupling  of  energy  to  the 
load  and  would  eliminate  the  need  for  a  complicated  feed  arrangement.  The  pulser  could 
perhaps  be  located  in  vacfrum,  with  its  output  ~10  cm  from  the  foil.  However,  because  of 
the  difficulty  in  designing  a  pulser  to  operate  in  a  vacuum  ambient,  this  option  was 
rejected.  Another  possibility  would  be  to  locate  the  pulser  in  the  water,  immediately 
behind  the  evacuated  section  of  the  center  conductor.  This  was  rejected  because  of  the 
access  problems  mentioned  above.  (As  it  turned  out,  we  ended  up  using  solid  switches 
that  need  replacing  every  shot,  which  would  have  made  this  option  virtually  impossible.) 
In  addition,  locating  the  pulser  in  vacuum  or  in  nearby  water  would  be  incompatible  with 
the  smaller  center  conductor  of  SABRE.  Finally,  limited  BERTHA  runs  did  not  show  a 
large  advantage  from  locating  the  pulser  so  close. 

Therefore,  we  decided  to  locate  the  pulser  ouside  the  machine,  and  to  run  the  pulse  in 
through  the  transit-time  isolator.  (Because  of  the  need  for  frequent  debugging  during  the 
development  process,  this  was  a  wise  choice.)  Such  an  arrangement  simplifies  the  design 
somewhat,  in  that  the  pulser  sees  only  a  fixed-impedance  load  for  times  of  interest,  and  the 
foil  sees  only  a  fixed-impedance  source.  It  also  allows  the  possibility  for  further  pulse 
conditioning  at  the  load,  for  example  by  using  a  surface-flashover  closing  switch  to 
sharpen  the  risetime. 

FEED  DESIGN 

The  next  step  was  to  design  the  feed.  One  option  is  to  use  a  parallel  array  of  high-voltage 
coaxial  cables.  Another  option  is  to  use  a  single,  low-impedance  coaxial  feed.  Finally, 
one  or  more  (parallel)  striplines  could  be  used.  For  the  latter  two  (homemade)  options. 


polyimide  (Kapton)  is  the  dielectric  of  choice,  laminated  with  either  attached,  heat- 
sensitive  adhesive,  or  low-viscosity  epoxy. 

The  EMFAPS  foil  starts  out  with  a  very  low  (<.in)  resistance,  and  so  ideally  the  feed  and 
pulser  should  have  as  low  an  impedance  as  possible.  Two  factors,  however,  limit  how  low 
the  feed  impedance  can  be:  size  limitations  posed  by  the  transit-time  isolator;  and  the  L/R 
time  resulting  from  the  small  inductance  at  the  feed-foil  connection.  In  the  system  being 
built  at  KfK,  six  polyimide/epoxy  striplines  are  used,  giving  a  feed  impedance  of  0.350. 
However,  the  SABRE  diode  has  a  relatively  small  inner  diameter.  Because  of  this,  any 
demountable  connection  will  have  an  inductance  of  at  least  a  few  nH.  The  output  switch 
and  connection  on  the  pulser  will  also  have  at  least  1-2  nH.  For  5  nH  total  inductance,  a 
IQ  feed  will  give  a  risetime  of  at  least  5  ns.  Therefore,  IQ  is  about  the  lower  limit  from 
inductance  considerations.  In  addition  to  forcing  a  higher  feed  impedance,  the  small  inner 
diameter  of  the  SABRE  diode  makes  a  multiple  stripline  connection  more  difficult. 

The  Gamble  II  transit  time  isolator  is  about  5  cm  in  diameter.  This  size  is  just  sufiBcient 
for  30,  ~6-mm  diam  cables  plus  the  anode  coil  cables  and  one  or  two  foil  diagnostic 
cables.  With  50Q  cables,  this  gives  an  impedance  of  1.67Q.  The  minimum  impedance 
obtainable  with  a  single,  laminated  coax  is  on  this  order  also. 

So  from  both  inductance  and  access  considerations,  the  feed  will  be  about  1-2Q. 

’  jt 

A  cable  array  is  obviously  more  attractive  than  a  single,  laminated  coax;  bends  are  trivial 
and  do  not  involve  impedance  discontinuities;  the  system  is  robust  -  only  a  small  current 
loss  results  from  a  single  cable  failure  unless  that  failure  occurs  right  next  to  the  pulser  or 
load;  the  flexible  cables  will  not  be  affected  by  machine  shock  and  need  not  be  sized  to  a 
few  mm;  and  fabrication  is  much  simpler.  Striplines  can  be  made  flexible  to  some  extent, 
but  still  suffer  from  the  lack  of  robustness,  and  would  be  more  difficult  to  fabricate  and 
install.  Therefore,  we  decided  to  use  a  cable  feed  if  at  all  possible. 

Reynolds  type-C  cables  were  used  at  first,  because  of  their  low,  30Q  impedance.  We  have 
used  them  in  the  past  at  up  to  50  kV.  However,  during  our  first  EMFAPS  run  on  the 
machine  (run  5,  with  20-30  kA  foil  currents),  a  few  cables  failed  and  soon  after  that  they 
all  failed.  At  Bruce’s  suggestion  I  spoke  with  John  Thompson  at  MLI,  who  had  looked  at 
several  types  of  cables  for  the  ACE  flashboards.  He  recommended  Reynolds  P/N 
1679785.  This  is  a  50Q  cable  similar  in  size  to  type-C  and  RG-223. 

Breakdown  of  this  cable  was  compared  with  that  of  RG-223  and  type-C  cable  in  a  short 
test  using  the  EMFAPS  pulser.  By  using  only  one  cable  output,  and  open-circuiting  the 
other  end  of  that  cable,  high  voltages  could  be  produced.  The  1679785  cable  was  the 
best,  as  expected.  No  breakdown  was  observed,  including  one  shot  with  a  peak  voltage  of 
about  180  kV!  The  RG-223  also  worked  surprisingly  well,  surviving  one  shot  at  110  kV 
before  failing  at  160  kV.  The  type-C  cable  performed  much  worse  than  RG-223,  even 
when  scaling  for  the  lower  impedance  was  taken  into  account. 


(These  tests  used  positive  polarity,  which  John  Thompson  found  gave  better  results. 
According  to  JCM,  negative  polarity  is  better,  at  least  for  polyethylene  and  polypropylene. 
The  reason  for  this  discrepancy  might  be  that  at  John’s  relatively  long  pulselength,  corona 
around  the  center  conductor  plays  a  larger  role  than  bulk  breakdown  of  the  solid.) 

The  above  tests  did  not  include  lifetime  testing,  different  polarities,  or  multiple  samples  of 
each  cable,  but  were  sufficient  to  confirm  the  Reynolds  cable  as  superior.  While  waiting 
for  these  (long  lead-time)  cables,  we  replaced  the  type-C  cables  with  a  30-cable,  RG-223 
array  which  survived  EMFAPS  runs  7  and  8  (~40  kA  foil  currents).  An  array  of  30 
Reynolds  cables  was  then  used  for  runs  9, 10,  and  1 1  (40-55  kA  foil  currents). 

A  number  of  cable-to-foil  connections  have  been  used.  Initially,  cables  were  used  all  the 
way  to  the  foil,  with  multiple-Cajon  vacuum  joints.  This  worked  OK  but  proved  to  be 
unwieldy.  The  present  arrangement,  shown  in  Fig.  1,  uses  a  short  section  of  laminated 
coax  for  the  vacuum  portion  of  the  feed.  This  coax  consists  of  a  1.5-in  diam  stainless  tube 
covered  with  ~03 5-in-thick  Kapton/epoxy  laminate,  as  developed  for  the  low-mass 
channel  work.  This  wall  thickness  gives  a  nominal  match  to  the  1.70  cable  array.  A 
square  of  Kapton  is  taped  to  the  tubing,  the  tubing  is  held  in  a  lathe  and  rotated  by  hand, 
and  epoxy  is  painted  on  while  the  Kapton  is  pulled  tight.  Copper  tape  forms  the  outer 
conductor.  A  section  of  A1  tube  over  this  forms  a  vacuum  seal  with  a  single  Cajon  fitting. 
At  the  foil,  a  2-3  nH  slip  connection  is  used.  The  lexan  insulator  is  formed  into  a  funnel 
shape  by  pressing  lexan  tube  against  a  rotating,  conical  form  while  heating  it  with  a  heat 
gun. 

The  cables  are  connected  to  the  coax  in  water,  as  shown  in  Fig.  1 .  Making  the  connection 
in  water  is  advantageous  for  two  reasons;  (1)  the  good  insulation  of  water  allows  the 
spacings  to  be  small;  and  (2)  the  capacitance  of  the  water  in  principle  can  offset  any 
inductance.  With  an  optimized  design,  it  should  be  possible  to  achieve  an  almost  constant 
impedance  between  the  cables  and  the  coax.  The  cables  are  terminated  with  bored-out 
BNC  connectors  which  allow  the  center  conductor  to  pass  through.  Connectors  designed 
for  RG-59  will  fit  the  Reynolds  cable.  We  found  the  brand  (see  Fig.  1)  to  be  important  - 
our  first  batch  quickly  corroded  in  the  water.  Mini  banana  plugs  are  used  at  the  center 
conductor  ends.  On  bench  tests,  the  cable  harness  is  sealed  and  filled  with  water.  (Water 
leaking  out  through  the  BNC  fittings  is  continually  pumped  back  in.) 

Even  the  Reynolds  cables  fail  occasionally,  at  traveling-wave  voltages  of  50-70  kV.  This 
is  well  below  the  180  kV  value  mentioned  above.  The  lower  breakdown  voltage  could  be 
a  lifetime  effect  (which  solid  dielectrics  exhibit),  or  due  to  the  inevitable  trauma  the  results 
from  periodically  inserting  and  removing  the  cables  from  the  transit-time  isolator.  Another 
possiblity,  that  I  don’t  have  enough  data  to  confirm,  is  that  the  cables  are  damaged  by  the 
voltage  reversal  that  occurs  in  the  normal  arrangement  but  was  not  present  in  the  cable 
tests.  Depending  on  the  specific  pulser  circuit  used,  this  reversal  was  at  times  greater  than 
100%.  According  to  JCM,  this  can  be  a  problem  in  some  situations,  and  Joe  Burton  long 
ago  mentioned  reversal  effects.  There  is  some  circumstantial  evidence  for  reversal  being  a 
problem:  breakdown  is  often  observed  to  occur  at  the  location  where  the  forward  and 


reverse  pulse  would  just  separate;  failure  of  one  cable  tends  to  increase  the  chance  of 
others  failing  (sharp  reversals  would  be  expected  from  a  short  in  a  cable);  and  voltage 
monitors  have  shown  that  breakdown  often  happens  at  the  time  of  reversal. 

In  summary,  the  present  feed  arrangement  is  fairly  simple  and  easy  to  field,  and  is 
adequate  for  50-kA  level  foil  currents.  However,  it  is  the  weakest  link  in  the  system.  To 
achieve  much  higher  currents,  we  will  probably  have  to  bite  the  bullet  and  build  a 
laminate-type  feed.  This  is  discussed  fiirther  at  the  end  of  this  note. 

PULSER  OPTIONS 

The  simplest  driver  would  consist  of  a  charged  capacitor  or  transmission  line  connected  to 
the  load  by  a  closing  switch.  However,  for  the  parameters  here,  and  taking  into  account 
resistive  and  inductive  voltage  drop  across  the  switch,  DC  charges  of  100  kV  or  more 
would  be  required.  This  is  not  very  practical,  and  so  some  form  of  voltage  multiplication 
is  necessary.  A  Marx  alone  would  be  far  too  inductive.  One  possibility  is  to  use  a  simple 
Marx/PFL  combination,  as  sketched  in  Fig.  2a.  Another  is  to  use  a  lumped-element,  LC- 
inversion  circuit,  as  in  Fig.  2b.  With  this  circuit  the  main  switches  are  outside  of  the 
output  circuit.  Finally,  a  transmission-line  LC  circuit,  i.e.,  a  Blumlein,  could  be  used. 
Here,  if  the  initial  switch  is  fast  enough,  no  output  switch  is  needed.  This  approach  can  be 
scaled  to  multiple  lines,  by  either  using  multiple  switches  or  a  single  switch  with 
convolutes. 

Water  is  the  obvious  choice  for  dielectric  because  of  its  high  energy  density,  self-healing 
properties,  and  relative  ease  of  use.  However,  a  water  line  cannot  be  DC-charged,  and 
thus  requires  circuit  2a.  Oil  is  not  attractive  because  of  the  volume  (both  transverse  and 
longitudinal)  needed.  Arrays  of  coaxial  cables  have  been  used  in  the  past,  but  many  cables 
would  be  needed  at  these  impedances,  and  capacitive  coupling  between  grounds  of 
adjacent  stages  would  force  the  pulser  to  be  rather  large  and  unwieldy.  Kapton  striplines 
are  another  possibility.  They  offer  no  advantage  over  water  in  circuit  2a,  but  allow  circuit 
2c,  with  its  simpler  triggering  (see  below)  to  be  used.  High-dielectric-constant  solid 
material  (i.e.,  titanates)  is  yet  another  possibility.  I  could  not  find  an  easy  source  of 
BaTiOs  raw  material  for  a  stripline,  but  arrays  of  ceramic  capacitors  could  be  used  in 
circuit  2b. 

Therefore,  three  circuits  were  worth  considering:  a  Marx/water-PFL;  an  LC-inversion 
circuit  using  ceramic  capacitors;  and  a  Kapton  Blumlein.  The  first  two  could  be  adapted 
to  either  a  single-coax,  parallel-plate,  or  parallel-cable  feed,  while  the  last  would  be 
difficult  to  adapt  to  a  single-coax  feed  without  adding  too  much  inductance. 

The  output  switch  remains  to  be  considered.  (The  primary  switches  in  2a  and  2b  do  not 
have  stringent  requirements  on  inductance.  Commercial  gas  switches  will  work  fine  and 
can  be  triggered  with  negligible  jitter.  Indeed,  this  has  been  seen  in  practice  with  both 
circuits.)  Note  that  the  output  switches  in  2a  and  2b  are  pulse-charged,  while  that  in  2c  is 
DC-charged.  The  breakdown  strength  of  gases  and  liquids  increases  for  short  pulses  so 


that  a  pulsed-charged  gas  or  liquid  switch  will  have  lower  inductance  and  resistance  than 
the  DC-charged  versions.  This  effect  is  not  seen  with  solids.  On  the  other  hand,  it  is  a 
little  easier  to  design  a  trigger  circuit  for  a  DC-charged  switch,  since  the  trigger  on  a 
pulse-charged  switch  cannot  be  capacitively  blocked. 

The  pulser  now  being  built  at  KfiC  uses  circuit  2c.  The  simpler  triggering  of  this  circuit  is 
an  advantage,  but  I  decided  against  using  this  circuit  for  several  reasons.  The  main 
objection  was  that  for  the  range  of  feed  impedances  considered  here,  it  might  be  difficult 
to  achieve  the  necessary  traveling-wave  output  voltage  using  only  two  stages.  With  more 
than  two  stages,  either  complicated  convolutes  are  needed,  or  multiple,  solid  switches 
must  be  triggered  with  low  jitter  (otherwise  the  risetime  would  be  too  long).  Also  I 
wanted  to  keep  the  option  of  using  a  gas  or  liquid  switch.  As  mentioned  above,  static- 
charged  gas  or  liquid  switches  would  be  too  lossy.  Finally,  circuit  2c  would  be  the  least 
compact  of  the  three,  although  this  was  not  a  major  concern. 

PREVIOUS  PULSER  DESIGNS 

The  first  version  of  an  output  switch  was  the  multichannel  surface  tracking  switch  used  by 
Doucet’s  group.  This  switch  can  have  an  inductance  as  low  as  2  nH  and  is  easier  to  use 
than  a  solid  switch.  However,  even  though  many  channels  were  observed,  the  risetime 
produced  by  this  switch  here  was  no  better  than  that  provided  by  standard,  MLI  pancake 
switches.  I  believe  that  the  problem  was  caused  by  resistive  effects.  With  the  much- 
higher-capacitance,  ~800-ns-timescale  circuit  at  Palaisseau,  the  switch  resistive  phase 
would  be  insignificant,  whereas  here  it  could  well  dominate. 

After  this,  a  low-inductance  (MLI  40044)  pancake  switch  was  used  for  runs  7-10. 

The  timing  on  Gamble  II,  described  above,  is  such  that  there  is  not  enough  time  to  trigger 
either  circuit  2a  or  2b  from  beyond  the  oil  switch.  Therefore,  I  used  a  capacitive  pickoff 
in  the  PFL,  which  supplies  a  -100  kV  pulse  into  50Q.  Even  this  far  back,  timing  is  tight. 
BERTHA  modeling  showed  that  circuit  2b  would  be  a  bit  faster  than  circuit  2a,  and  so 
this  circuit  was  chosen  in  order  to  allow  longer  delays  if  desired.  Other  than  this,  similar 
pulses  were  predicted  with  either  circuit.  A  simple,  four-stage  version  of  2b  was  used  on 
run  5,  with  a  typical  foil  current  shown  in  Fig.  3  a.  Next,  a  larger,  four-stage  pulser  was 
built  for  runs  7  and  8.  This  used  special  capacitors  which  had  their  insulation  removed  for 
lower  inductance.  A  typical  foil  current  pulse  from  this  pulser  is  also  shown  in  Fig.  3a, 
and  a  drawing  of  the  pulser  is  shown  in  Fig.  3b. 

In  retrospect,  the  decision  to  use  circuit  2b  was  a  mistake.  EMFAPS  results  showed  that 
a  long  delay  between  the  pulser  and  the  generator  is  neither  necessary  nor  desirable,  which 
makes  circuit  2b  unnecessary,  and  less  attractive  than  2a  because  of  its  greater  complexity. 
Also,  the  capacitors  were  delivered  very  late,  and  then  were  found  to  be  improperly  fired, 
with  an  uncooked  region  in  the  center  that  left  them  susceptible  to  breakdown.  Because 
of  this,  the  charge  voltage  had  to  be  derated,  and  foil  currents  were  limited  to  about  40  kA 


rather  than  the  hoped-for  50.  (This  pulser  is  now  in  use  as  a  calibration  source  at 
Phoenix.) 

Next,  a  Marx/water-line  pulser,  shown  in  Fig.  3c,  was  constructed.  Because  of  time 
constraints  for  an  upcoming  run,  we  used  components  at  hand.  The  re-entrant  geometry 
of  the  water  line  was  used  to  allow  an  oil  output  switch,  and  to  accomodate  existing 
hardware.  Both  20-nF  and  80-nF  capacitors  were  available.  Initially,  a  3-stage,  20- 
nF/stage  Marx  was  coupled  to  a  matched,  1.3f2,  9-ns  line.  The  output  from  this  pulser, 
still  with  the  gas  output  switch  and  a  50-kV  charge,  is  also  shown  in  Fig.  3  a.  The  Marx 
capacitance  and  line  length  were  varied;  80-nF  capacitors  and  an  18-ns  line  were  also 
examined.  With  the  larger  caps  and  longer  line,  the  line  charge  time  was  too  long  for  the 
available  delay  on  Gamble  E.  With  the  larger  caps  and  shorter  line,  ringing  gain  increased 
the  line  charge,  resulting  in  foil  currents  of  50-55  kA.  This  arrangement  was  used  in  runs 
9  and  10. 

With  the  LC-,  and  20-nF-capacitor-water-line  pulsers,  the  output  switch  was  pressurized 
to  55  PSIG  and  broke  down  at  about  120  kV.  This  is  about  twice  the  breakdown  voltage 
expected  for  a  DC  charge.  With  the  80-nF-capacitor  water-line  pulser,  the  switch  was 
pressurized  with  aN2/10%SF6  mixture  to  40  PSIG,  and  broke  down  at  about  160  kV. 

PRESENT  PULSER  DESIGN 

a 

The  next  step  was  to  improve  the  output  switch.  The  pulser  was  reconfigured  slightly  into 
a  straight,  rather  than  reentrant  geometry.  This  was  done  to  reduce  the  output  inductance 
and  because  tests  suggested  that  at  these  voltages,  a  water  switch  might  work  as  well  as 
an  oil  switch.  It  was  designed  to  accomodate  gas,  water,  or  solid  switches.  BERTHA 
modeling  was  used  to  optimize  the  design.  Because  we  want  the  current  into  the  foil 
quickly,  there  was  nothing  to  be  gained  by  using  a  line  longer  than  about  10  ns  (one-way). 
For  output  and  foil  inductances  of  a  few  nH,  BERTHA  showed  that  using  lines  shorter 
than  about  5  ns  also  offered  no  advantage.  The  line  impedance  should  be  lower  than  the 
1.670  feed  impedance  to  get  some  voltage  gain  from  the  mismatch.  Mismatch  has 
diminishing  returns,  however,  above  factors  of  2-3.  I  decided  to  use  a  0.680  line,  with 
outer  and  inner  diameters  of  7.75  and  7  in.  The  outer  conductor  could  then  be  made  from 
ISO200  vacuum  hardware,  which  is  readily  available  and  would  make  any  future 
modifications  easy.  The  inner  conductor  would  also  be  a  readily  available  size,  which  we 
happened  to  have  on  hand  as  well.  The  ~l-cm  gap  would  be  large  enough  to  prevent 
breakdown,  even  with  small  air  bubbles  present.  With  the  output  switch  on  the  axis,  using 
a  much-larger-diameter  line  might  introduce  unwanted  radial-transit-time  effects.  With  a 
5-ns  line,  the  existing  Marx  could  be  used,  with  either  20-nF,  40-nF,  or  80-nF  capacitors. 
The  former  would  give  a  good  match  to  the  line,  while  the  latter  two  would  give  some 
ringing  gain.  The  water  line  details  are  shown  in  Fig.  4a. 

I  also  used  BERTHA  to  examine  several  ways  of  reducing  the  amplitude  of  the  reflected 
wave,  including  shortening  the  feed  length,  varying  the  line  impedance  and  Marx 


capacitance,  and  even  adding  a  crowbar  switch  in  various  locations.  Nothing  I  tried  made 
much  difference,  however. 

OUTPUT  SWITCH  TESTS 

I  first  tried  a  water  analog  of  Doucet’s  surface-tracking  switch  by  placing  a  disk  of  TFE 
between  the  output  electrodes.  I  had  hoped  that  this  would  induce  multichanneling  and 
would  be  reusable.  However,  switching  was  no  better  than  with  a  simple  water  gap 
(below)  and  the  switch  tracked  every  shot. 

Next,  a  water  switch,  consisting  of  four  bolts  projecting  from  the  ground  (negative) 
electrode,  at  10-cm-diameter,  was  tried.  Breakdown  was  reasonably  consistent  with  JCM. 
The  jitter  was  about  10  ns,  with  a  ~12-ns  risetime.  This  was  better  than  with  the  gas 
switch,  but  slower  than  with  the  solid  switches  (below). 

The  first  attempt  at  solid  switching  used  one  or  more  sheets  of  plastic  between  the  output 
electrodes.  Sheets  of  Kapton.  mylar,  TFE,  and  polyethylene  were  used,  in  thicknesses 
fi-om  .003  to  .016  in.  Switching  was  quite  fast,  with  risetimes  of  8  ns  or  better.  However, 
the  jitter  was  tremendous,  at  least  with  Kapton  and  mylar,  as  shown  in  Fig.  5.  Perhaps  the 
jitter  could  be  improved  somewhat  by  taking  great  care  with  the  foils  and  electrodes,  but 
this  approach  does  not  seem  well-suited  to  a  self-break  switch. 

i 

Finally,  at  Rick’s  suggestion,  we  went  to  polyethylene  stab  swatches.  As  used  by  JCM,  we 
stabbed  multiple  holes  to  a  controlled  depth  in  1/16  in  polyethylene,  and  then  covered  both 
sides  with  copper  tape.  The  stab  and  sheet  switches  were  not  compared  under  identical 
conditions,  but  the  stab  switches  seem  to  switch  almost  as  rapidly  as  the  sheet  switches, 
with  greatly  improved  jitter.  Typical  data  are  compared  with  JCM  (from  Ihor’s  book, 
although  Ihor  has  the  polarities  reversed  in  his  text)  in  Fig.  6.  I  estimate  the  RMS  jitter 
with  this  switch  at  about  10  ns.  Recent  data  is  shown  in  Fig.  6.  We  have  been  using 
rather  coarse,  compass  needles  from  NRL  supply.  It  is  possible  that  better  switching 
and/or  reduced  jitter  could  be  obtained  by  using  sharper  needles. 

PULSER  DETAILS 

The  pulser  was  operated  with  20-nF  capacitors  in  run  11,  with  foil  currents  of  about  40 
IcA,  ~8  ns  10-90  risetimes,  and  30  ns  typical  widths.  I  have  switched  to  40-nF  capacitors 
(MLI  31165)  for  both  our  and  Mike’s  pulsers  in  order  to  boost  the  current  by  ringing  up 
the  PFL.  (The  80-nF  caps  ring  up  the  line  to  voltages  higher  than  I  feel  comfortable 
switching  into  the  cables,  and  just  add  extra  energy  rattling  around  the  pulser.)  This  gives 
a  Marx  energy  of  150  J.  We  have  recently  switched  from  the  old  MLI  40065  switches  to 
their  replacements,  model  40264.  These  feature  an  irradiated  gap.  For  50-kV  charge, 
they  are  pressurized  to  26-30  PSIG  and  have  an  RMS  jitter  of  about  5  ns  when  triggered 
by  a  PT55.  This  is  better  than  obtained  with  the  40065  switches.  When  the  PT55  is 
replaced  by  the  higher-voltage,  lower-impedance,  PFL  pickoff  on  Gamble  II,  the  jitter 
should  be  reduced  further.  The  Marxes  are  housed  in  the  blue  tanks  we  inherited  from 


MLI.  The  bias  and  trigger  components  are  located  on  a  plate  mounted  on  top  of  the 
Marx.  The  circuit  schematic  is  shown  in  Fig.  4b.  The  water  line  (Fig.  4a)  is  mounted  on  a 
hinged  top.  After  replacing  the  cable  header  with  a  blank-off  plate,  the  lid  is  easily  lifted 
to  gain  access  to  the  Marx. 

The  Marx  output  is  connected  to  the  line  with  8  pairs  of  silicone  HV  wires  (Newark 
96F5269WA).  I  used  aluminum  tube  for  the  line  inner  conductor  because  we  had  some 
available  -  it  might  be  better  to  use  stainless  in  the  future  to  reduce  corrosion.  As  it  is,  the 
water  should  be  changed  every  week  or  so.  Side  ports  were  added  to  the  outer  tank  to 
allow  trigger  access  to  the  output  switch  in  the  future.  I  use  stainless  KF  blankoffs  as 
output  swtich  electrodes  to  save  wear  on  the  line.  The  nylon  rod  in  the  center  is  tightened 
to  compress  the  switch  lightly.  An  acrylic  plate  is  placed  over  the  top  of  the  line,  outside 
the  switch  area,  to  reduce  prepulse.  The  cables  are  connected  using  the  same  BNC/mini- 
banana  plug  design  mentioned  earlier.  I  estimate  the  effective  switch  and  output 
inductance  as  being  2-5  nH  (the  value  is  not  obvious  because  most  of  the  “inductance”  is 
pre-loaded  with  electrostatic  energy). 

The  PFL  voltage  is  measured  with  a  simple  resistive  divider.  Eight,  330n  resistors 
connect  the  bottom  of  the  PFL,  in  the  oil,  to  the  center  pin  of  a  BNC  connector  mounted 
on  the  oil  tank  top.  For  faster  pulses,  I  have  seen  some  problems  with  capacitive  coupling 
through  such  chains,  but  this  should  not  be  a  problem  for  the  relatively  slow  PFL 
waveform.  The  output  voltage  is  measured  with  a  capacitive/resistive  divider  mounted  on 
the  water  line  top.  This  comprises  a  4.5-nF  disk  capacitor  and  a  51  Oil  resistor.  This 
monitor  has  only  intermittant  reliability  and  needs  to  be  improved,  but  is  not  that 
important.  The  foil  current  is  measured  with  a  ~30-tum,  externally-integrated  Rogowski 
near  the  foil  (see  Fig.  1).  This  design  was  chosen  to  provide  a  large  signal  that  would 
survive  the  noise  inherent  in  the  Gamble  II  transit-time  isolator.  To  minimize  capacitive 
coupling,  the  ground  is  not  returned  through  the  coil  as  is  often  done.  The  signal  level  is 
enough  to  necessitate  MIfV  cable  ends  and  bulkhead  connectors  at  the  vacuum- 
water  boundary. 

RESULTS 

The  Rogowski  was  first  calibrated  at  low  current  and  slower  risetime  using  a  fast 
Tektronix  current  transformer.  Then,  as  a  check,  an  IPC  current  transformer  was  installed 
at  the  foil  location  and  the  pulser  was  fired  normally.  The  IPC  signal  is  compared  with  the 
integrated  Rogowski  signal  in  Fig.  7.  The  two  agree  well,  although  the  Rogowski  is  seen 
to  be  just  a  bit  slow.  The  current  is  lower  than  usual  on  this  shot  because  of  the  added 
load  inductance  of  the  IPC  mounting. 

Figures  8-9  show  the  PFL  voltage,  output  voltage,  and  foil  current  for  a  50-kV  Marx 
charge  and  .015  stab  depth  (from  the  positive,  ground  side).  The  foil  current  reaches  60 
IcA,  with  a  peak  dl/dt  in  excess  of  5  kA/ns.  The  apparent  10-90  time  is  about  10  ns, 
indicating  (based  on  Fig.  7)  a  real  time  of  about  8  ns.  This  output  meets  the  pulser  design 


goals.  This  pulser  was  used  in  run  1 1  on  Gamble  II,  but  at  lower  PFL  switching  voltages, 
and  40-kA  typical  currents. 

A  check  on  these  waveforms  is  provided  by  using  the  load  current  and  estimated  feed 
inductance  of  4  nH  to  calculate  the  forward-going  voltage  at  the  pulser.  This  is  compared 
with  the  PFL  and  output  voltages  in  Fig.  10.  Good  agreement  with  the  PFL  voltage  is 
seen  until  the  two-way  transit  time,  as  expected.  The  output  voltage,  as  mentioned  above, 
is  seen  to  be  distorted  on  this  shot. 

I  have  made  some  attempt  at  modeling  this  pulser  with  BERTHA.  First,  the  PFL  was 
rung  for  several  cycles  by  open-circuiting  the  output  switch  and  reducing  the  Marx  charge. 
This  waveform  was  used  to  obtain  the  Marx  series  resistance,  PFL  shunt  resistance,  and 
Marx  inductance.  With  the  proper  values,  excellent  agreement  with  the  data  was 
achieved.  Next,  the  entire  circuit  was  modeled.  All  inductances  and  impedances  are 
known  to  the  needed  accuracy  -  the  only  unknown  is  the  variable  switch  resistance.  I  used 
Tom  Martin’s  switch  model.  In  this  model,  switching  is  determined  by  one  number 
LCb/N*^,  where  L  is  the  length,  N  the  number  of  channels,  and  Cb  the  Braginskii  constant. 
In  principle,  these  may  all  be  determined  beforehand,  giving  predictive  capability,  but  as  I 
do  not  know  the  Braginskii  constant  for  polyethylene,  this  parameter  was  treated  as  free. 

I  found  that  in  order  to  reproduce  the  measured  current,  I  had  to  add  a  constant,  series 
resistance  of  0.4-0.6Q  to  the  variable  switch  resistance.  Apparently,  this  circuit  does  not 
supply  enough  energy  to  drive  the  solid  switch  to  a  veiy  low  resistance.  This  is  consistent 
with  the  solid-switch  results  at  KfK.  The  circuit  used  to  model  this  pulser  is  shown  in  Fig. 
11.  The  rather  large  Marx  series  resistance  is  probably  due  to  resistive  time  effects;  I  did 
not  try  Martin’s  model  for  the  Marx  switches. 

The  calculated  PFL  voltage  and  load  current  are  compared  with  the  measured  values,  for 
the  shot  in  Figs.  9-10,  in  Figs.  12-13.  Reasonable  agreement  is  achieved,  but  there  is 
room  for  improvement.  I  will  try  to  refine  this  in  the  future. 

FUTURE  WORK 

This  pulser  meets  our  original  design  goals  and  is  adequate  for  our  upcoming  EMFAPS 
bench  experiments,  and  hopefully  for  Mike  Cuneo’s  needs  at  SNL.  For  operational  use  on 
Gamble  II,  however,  the  pulser-generator  jitter  needs  to  be  reduced,  and  the  current 
probably  needs  to  be  increased. 

With  the  present  trigger  arrangement,  the  jitter  arises  from  both  the  self-breaking  pulser 
output  switch,  and  the  machine  oil  switch.  Both  problems  can  be  addressed  by  triggering 
the  pulser  output  switch  from  a  pickoff  located  just  beyond  the  oil  switch.  The  delay 
between  the  oil  switch  and  the  diode  should  be  sufficient  for  this  approach  to  work.  As 
mentioned  previously,  a  different  trigger  arrangement  must  be  used  for  a  pulse-charged 
switch.  John  Shipman  long  ago  developed  a  trigger  circuit  for  a  pulse-charged  solid 
switch  like  the  one  here,  which  had  an  auxilliary  solid  switch  in  the  trigger  circuit.  A 


simpler  arrangement,  shown  in  Fig.  14,  might  be  possible  here.  This  scheme  can  be  tested 
on  the  bench. 

There  are  two  reasons  why  the  present,  50-kA  current  may  not  be  enough.  First,  we  have 
recently  decided  to  build  a  new  applied-B  diode  with  a  larger  outer  radius.  This  means 
that  a  higher  current  will  be  needed  to  provide  the  same  current/width.  Second,  there  is  as 
yet  no  consensus  on  the  necessary  foil  current;  it  may  turn  out  that  the  ~2X  larger 
currents/width  in  the  KfK  experiments  are  needed.  It  may  also  turn  out  that  even  smaller 
current/width  (and/or  longer  risetimes)  will  suffice,  with  the  existing  pulser  being  adequate 
for  the  new  diode.  Hopefully,  upcoming  EMFAPS  experiments  here  will  answer  this 
question.  In  the  meantime,  we  should  assume  that  at  least  100  kA  foil  current,  with  a  5-10 
ns  risetime,  will  be  required. 

Improving  the  feed  is  the  key  to  increasing  the  foil  current.  For  example,  BERTHA 
modeling,  using  the  circuit  in  Fig,  11,  shows  that  by  dropping  the  feed  impedance  slightly 
to  1.50,  going  back  to  the  80-nF  capacitors  (easy),  and  charging  to  60  kV  (we  have  such 
a  supply),  almost  100  IcA  would  be  produced.  The  feed  would  then  have  to  hold  off  90 
kV.  It  should  be  possible  to  make  a  1.50  laminated  coax  that  will  posess  the  needed 
strength,  and  will  fit  through  the  existing  transit-time  isolator.  A  sketch  of  such  a  system 
is  shown  in  Fig.  14b  (some  mechanical  details  remain  to  be  worked  out,  but  should  be 
straightforward).  The  only  difficulty  will  be  the  right-angle  bend,  but  the  low-impedance, 
water  ambient  makes  the  ^k  easier  by  allowing  larger  spacings.  It  should  be  possible  to 
build  a  feed  that  has  almost  no  additional  inductance  (<3-4  nH)  all  the  way  from  the 
output  switch  to  the  load. 

If  we  need  still  higher  current,  then  either  the  transit-time  isolator  must  be  enlarged  (not 
too  difficult)  or  we  must  use  multiple  striplines  a  la  KfK.  I  would  worry  that  capacitive 
effects  will  limit  how  close  striplines  can  be  packed  in  water.  Triplates  could  be  used,  at 
the  expense  of  a  little  more  inductance  at  the  pulser  and  foil.  I  will  be  talking  with  Peter 
Hoppe  next  week  at  SNL  about  these  issues. 
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PULSED  POWER  PHYSICS  TECHNOTE  93-19 


TITLE:  INITIAL  PULSER-DRIVEN  EMFAPS  RESULTS 
Author:  D.  Hinshelwood,  R.  Fisher,  and  J.  Neri 

Date:  November  18,  1993 

Abstract:  This  note  describes  our  work  on  pulser-driven  EMFAPS  to  date.  Anodes  have 
been  coated  and  vaporized,  both  on  the  bench  and  in  an  experimental  run  on 
Gamble  II.  The  results  of  that  run  are  presented  in  TN  93-18;  this  note 
describes  our  pulser  and  coating  system  status  and  presents  the  results  of  our 
bench  studies.  The  foils  have  been  diagnosed  using  electrical  measurements, 
interferometry,  spectroscopy,  photography,  and  photometry.  We  see  that  the 
foils  vaporize  at  actions  lower  than  expected,  which  we  attribute  to  semi- 
microscopic  non-uniformities  in  the  foil.  This  early  vaporization  may  limit  the 
proton  inventory  available  to  the  diode.  Planned  improvements  are  discussed. 


INTRODUCTION 


This  note  is  a  companion  to  Jess's  TN  93-18:  together  these  describe  the  current 
status  of  our  EMFAPS  effort.  This  note  focuses  on  the  development  of  a  pulser  to  drive 
the  foil  externally,  and  bench  tests  of  exploding  foils. 

Our  EMFAPS  effort  was  first  suggested  by  Mike  Cuneo  as  a  technique  for 
obtaining  a  high-quality  proton  beam  from  the  SABRE  diode  on  Gamble  II,  in  order  to 
facilitate  relevant  ion  beam  transport  experiments.  Later,  the  goal  was  expanded  to 
include  the  study  of  EMFAPS  technology  in  general  with  the  goal  of  fielding  a  source  on 
SABRE.  EMFAPS  operation  requires  a  current  of  tens  of  kA  to  be  driven  rapidly  through 
a  thin  metallic  foil  on  the  anode  surface.  This  current  can  be  supplied  by  a  partial 
diversion  of  the  pulsed  power  to  the  diode,  by  an  early  diversion  of  the  electron  flow  in 
the  diode  (limiter-EMFAPS),  or  by  an  external  pulser.  All  of  these  approaches  have 
advantages  and  disadvantages.  With  only  a  small  fraction  of  the  incoming  pulsed  power,  a 
high  current  can  be  supplied  quickly  to  the  foil.  In  the  successful  implementations  of 
EMFAPS  to  date,  at  Cornell  and  KfK,  a  POS  in  re-entrant  geometry  is  used  to  divert  the 
early  portion  of  the  machine  current  through  the  foil.  This  scheme  was  also  used  in  our 
first  EMFAPS  experiments  on  Gamble  11.  The  drawback  to  the  POS  approach  is  the 
difficulty  in  obtaining  reproducible  operation.  This  was  particularly  true  in  our  first 
experiment,  but  even  at  KfK  they  are  not  completely  satisfied  with  this  approach  and 
eventually  plan  to  use  an  external  pulser.  We  have  also  considered  more  passive  means  of 
diverting  the  early  pulsed  power,  using  inductive,  resistive,  or  capacitive  division,  and 
have  concluded  that  it  would  be  very  difficult  to  divert  enough  current  quickly  to  drive  the 
foil.  Limiter-EMFAPS  is  particularly  attractive  on  Gamble  n  because  of  the  low 
generator  impedance  which  gives  us  plenty  of  current,  and  because  of  the  other  beneficial 
effects  that  result  from  the  use  of  a  limiter.  However,  this  approach  may  be  less  attractive 
on  a  higher-impedance  machine  such  as  SABRE,  and  serves  to  constrain  diode  design. 
The  use  of  an  external  pulser  offers  several  advantages:  the  foil  current,  and  the  delay 
between  foil  current  and  machine  current,  may  be  varied  independently  to  allow  better 
control  of  EMFAPS  operation;  the  source  may  be  studied  and  developed  on  the  bench 
under  the  same  driving  conditions  as  on  machine  shots;  and  in  principle  the  source  may  be 
easily  transferred  to  other  machines.  Pulser-EMFAPS  suffers  from  the  difficulty  of 
developing  a  pulser  that  can  supply  the  required  current,  and  possible  difficulties  in 
synchronizing  the  pulser  to  the  machine.  However,  we  believe  that  pulser-EMFAPS  has 
the  best  long-term  potential  and  have  concentrated  on  this  approach. 

PULSER  DESIGN 

Pulser-EMFAPS  can  itself  be  pursued  by  two  approaches.  Either  a  very  compact 
pulser,  that  can  be  located  close  to  the  foil,  can  be  designed,  or  a  low-impedance  cable 
feed  can  be  used  to  supply  current  from  outside  the  machine.  For  now  we  have  chosen 
the  latter,  because  the  pulser  design  is  simplified  (it  need  not  be  built  for  vacuum  or  water 
immersion),  because  access  to  the  pulser  (if  needed  during  a  run)  will  not  be  a  problem, 
and  because  this  scheme  will  be  the  easiest  to  adapt  to  SABRE. 


Our  pulser  design  is  still  evolving  and  the  gory  details  will  be  presented  in  a  later 
note.  Initially,  15,  type-C  cables  were  used  to  provide  a  2-Q  feed.  However,  we  had 
troubles  with  cable  breakdowns  during  the  run  and  after  some  testing  found  that  RG-223 
has  (surprisingly  to  us)  superior  breakdown  strength.  Now  we  use  30,  RG-223  cables  to 
give  a  1.6-0  feed  (although  we  have  not  yet  replaced  a  9-ns  section  of  the  2-0  feed  at  the 
load).  This  is  about  the  maximum  number  that  will  fit  through  the  Gamble  11  transit-time 
isolator.  Our  present  pulser  comprises  a  four  stage  LC  inversion  network,  with  8,  2.7-nF, 
45  kV  doorknob  capacitors  per  stage.  A  sketch  of  the  circuit,  and  the  waveforms  for  a 
roughly  42-ky  charge,  are  shown  in  Fig.  1.  The  pulser  produces  30  kV  across  the  1.6-0 
load  with  a  rise  time  of  about  10  ns.  This  relatively  low  voltage  is  the  result  of  energy 
losses  in  the  spark  gaps  and  an  overmatch  between  the  pulser  and  line  impedances.  More, 
lower-inductance  capacitors  have  been  ordered  to  correct  the  latter  problem,  and  we  plan 
to  operate  with  a  50-kV  voltage  wave  on  the  cables.  Figure  2  compares  the  calculated 
forward-going  voltage  waves  at  the  pulser  and  at  the  load.  Substantial  degradation  of  the 
pulse  is  seen  to  occur.  Reflections  at  the  2-C2  section  near  the  load  probably  account  for 
part  of  this  degradation.  Most  of  the  degradation,  however,  appears  to  be  caused  by 
dispersion  in  the  cables.  If  so,  this  could  be  a  problem  for  SABRE  where  the  cables  must 
be  even  longer.  The  greater  diameter  of  the  SABRE  line,  however,  should  allow  the  use 
of  better  (i.e.,  RG-214),  or  more,  cables.  If  necessaiy,  a  peaking  circuit  could  also  be 
added  near  the  load.  For  Gamble  II,  we  could  always  locate  the  pulser  close  to  the  load  if 
necessary.  In  summary,  while  this  pulser  arrangement  has  allowed  a  partially  successful 
EMFAPS  on  Gamble  II  (see  Jess's  Technote),  further  improvement  is  required.  With  the 
new  capacitors  and  a  uniform  cable  feed,  we  should  be  able  to  obtain  50-60  kA  through 
the  foil  with  a  rise  time  of  20-25  ns.  If  necessary,  this  rise  time  could  be  reduced  with  a 
peaking  circuit. 

Figure  3  shows  the  current  and  voltage  measured  at  the  load  for  a  short  circuit  in 
the  foil  location.  VCOR  is  the  voltage  across  the  foil  itself,  corrected  for  the  12  nH 
between  the  voltage  divider  and  the  foil.  The  finite  corrected  voltage  calculated  for  this 
short  circuit  results  from  small  errors  in  the  current  and  voltage  measurement  and 
illustrates  the  uncertainty  in  determining  the  foil  voltage. 

The  pulser  must  be  triggered  from  Gamble  II  with  a  minimum  of  jitter,  which  we 
had  anticipated  to  be  a  potential  difficulty.  In  addition,  with  the  LC  circuit  used, 
simultaneous  triggering  of  the  two  stages  is  a  concern.  Gamble  H  consists  of  a  Marx[ 
intermediate  store,  water  switch,  PFL,  oil  switch,  transformer  section,  and  diode.  The 
transformer  input  is  a  fast-rising  pulse  which  has  no  jitter  relative  to  the  diode.  However, 
it  does  not  come  early  enough  for  the  pulser  to  erect  and  for  the  pulser  output  to  reach  the 
diode.  The  use  of  a  signal  derived  from  the  PFL  dV/dt  provides  for  a  sufficient  delay,  but 
this  signal  has  a  ~50  ns  rise  time,  and  the  oil  switch  jitter  now  comes  into  play.  In 
practice,  however,  we  found  that  the  pulser  could  be  triggered  quite  reliably.  An  air-gap 
peaking  switch  sharpened  the  trigger  pulse,  and  the  use  of  a  50  trigger  cable  provided 
plenty  of  current  so  that  both  of  the  initial  switches  on  the  pulser  (see  the  sketch  in  Fig.  1) 
closed  together.  The  output  switch  was  operated  in  a  self-break  mode.  With  this 


3 


^  ^  o 
o  o  o 
+  +  + 
>LlJLlJLlJ 

o  o  o 
O  00  o 

-.0 


.0 


o 

o  o  o 
+  +  + 
>LlJLiJLlJ 

ocoo 
c-  c-  o 

(—1  O 


if>  if)' 
^  ■  c 

c  ;J  (/) 


00\|-O 

o  oo 
+  +  + 
LUIUliJ 
<  O  CO  O 
0  0)0 

LO  CM  O 


M  •• 

I  W  if) 

1  43  C 

I  —  X'^ 


.  OOE+04 
.  08E+04 
.  OOE+00 


00  CO  o 
ooo 

]>  +  +  + 
LULULLl 
O  tH  O 
O  W  O 

OJ  rH 

_l' 

c 


.'/I 

i— 


00^0 
ooo 
+  +  + 
LULLlUJ 

>000 

C-  C'l  O 

Oi  1 — 1  I — I 


00  ^o 
ooo 
+  +  + 
LULULU 

<000 
0  0)0 

LO  CM  O 


(/) 


_J 


M  •• 

I  to  (0 


'  C  (U  (/) 


) 


fliTEngcmcnt,  the  combined  jitter  of  the  oil  switch,  two  initial  pulser  switches,  End  pulser 
output  switch  was  about  10  ns.  If  necessary,  this  could  be  reduced  still  further  by 
triggering  the  pulser  output  switch  from  the  transformer  input  signal. 

COATING  SYSTEM 

Our  EMFAPS  anode  design  is  shown  in  Figure  4.  The  anodes  consist  of  two 
stainless  rings  held  together  by  low-viscosity  epoxy.  First,  copper  contacts  are  coated  at 
the  boundaries  of  the  anode  emission  area,  which  extends  from  about  4.5  to  5.5  cm  in 
radius.  Then,  aluminum  is  coated  over  the  emission  area  and  the  contacts.  Mini-mak 
sputtering  guns,  supplied  by  US  Gun,  are  used  to  apply  the  coating  (Keny  Lampa  from 
SNL  guided  us  to  this  manufacturer  and  has  provided  invaluable  advice  in  setting  up  our 
sputtering  system.)  The  guns  are  arranged  on  the  emission  area  circumference  and  the 
anode  is  rotated  above  them  to  insure  azimuthally  uniform  deposition.  A  masking 
arrangement  allows  both  coatings  to  be  applied  without  opening  up.  We  had  some 
troubles  at  first  in  maintaining  a  steady  discharge.  These  were  resolved  after 
conversations  with  the  manufacturer  by  reducing  the  thickness  of  our  targets.  The  coating 
system  is  now  working  quite  well.  At  present,  we  coat  with  copper  for  20  minutes  at  100 
W  discharge  power  and  then  with  aluminum  for  4-20  minutes  at  50  W.  Most  of  the  shots 
on  Gamble  II  were  taken  with  4-minute  anodes.  We  will  soon  calibrate  the  system  using 
our  thin-film  monitor.  The  copper  films  are  estimated  to  be  about  2000  A  thick  and  the 
aluminum  films  estimated  to  be  about  200  A  thick  for  4-minute  coatings. 

Our  technology  for  preparing  the  anodes  for  coating  is  still  evolving.  The  anodes 
used  in  the  Gamble  II  shots  were  prepared  by  sanding  the  epoxy  and  then  waxing  the 
surface  lightly  as  was  done  at  Cornell.  As  at  Cornell,  this  method  still  results  in  some 
visible  scratches  in  the  emission  surface  region  and  discontinuities  at  the  epoxy-metal 
boundaries.  We  are  now  trying  different  metal  edge  profiles,  types  of  epoxy,  casting 
arrangements,  and  finishing  techniques  with  the  goal  of  reducing  these  potential  problems. 
Our  anodes  now  are  similar  to  those  at  Cornell  in  this  regard,  but  as  discussed  later,  the 
use  of  a  (longer  current  rise  time)  external  pulser  may  place  more  demands  on  the  foil 
quality  and  thus  the  anode  smoothness.  One  of  the  goals  of  our  bench  tests  is  to 
determine  just  how  critical  the  foil  and  current-contact  smoothness  is. 

At  present,  we  find  that  the  growth  rate  of  our  films  is  strongly  dependent  on  the 
anode  epoxy  surface  smoothness,  and  that  slight  variations  in  finishing  can  lead  to 
variations  in  the  film  thickness.  This  may  be  due  to  the  relatively  low  deposition  rates 
used,  on  the  order  of  50  A/minute.  We  will  be  discussing  this  issue  with  deposition 
experts  at  NRL  and  SNL. 

FOIL  MEASUREMENTS 

The  foils  were  diagnosed  using  current  and  voltage  measurements,  open  shutter 
photography,  time-integrated  spectroscopy,  time  resolved  measurement  of  aluminum  light 
emission,  streak  photography,  and  interferometry.  A  typical  open  shutter  picture  is  shown 
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EMFAPS  arrangement  on  Gamble  II 
External  pulser  used  to  heat  foil 


15,  type  C  cables 
from  pulser 
(now  30,  RG-223) 


in  Fig.  5.  (The  dErk  ring  is  the  shadow  of  a  quartz  viewport.)  A  reasonably  uniform 
luminosity  is  seen  over  the  foil  region.  At  the  boundaries  of  this  region,  where  the  copper 
contacts  begin,  increased  luminosity  is  observed  as  if  arcs  are  occurring.  At  the  further 
edges  of  the  copper  contacts,  particularly  at  the  inner  diameter,  further  spotty  light  is 
observed.  The  degree  of  uniformity  and  of  apparent  arcing  varied  from  shot  to  shot,  in 
part  because  of  differences  in  anode  preparation,  and  this  picture  represents  and  "average" 
shot.  The  degree  of  arcing  seen  here  is  similar  to  that  seen  in  published  data  from  KfK, 
and  may  not  be  a  problem.  This  shot  was  taken  without  an  applied  field;  there  is  some 
indication  that  radial  striations  in  the  luminosity  are  observed  when  shots  are  taken  with 
the  field  coils  energized.  John  Greenly  has  seen  a  similar  phenomenon  at  Cornell. 

Time-integrated,  spatially-resolved  spectrograms  show  only  two  sets  of  strong 
spectral  lines:  the  neutral  aluminum  resonance  lines  at  3944  and  3966  A,  which  originate 
mainly  from  the  anode  emission  area;  and  neutral  copper  lines  at  3247  and  3274  A,  which 
originate  from  the  current  contacts.  One  line  attributed  to  A1 II  was  observed,  but  other 
lines  expected  from  that  species  were  not.  Faint  continuum  and  other  line  emission  is  also 
recorded,  and  no  line  emission  from  hydrogen  is  observed.  The  fact  that  copper  light  is 
observed  indicates  that  some  form  of  arcing  is  occurring  at  the  current  contacts  since  the 
copper  contacts  should  be  much  too  thick  to  vaporize  under  the  action  applied  here. 

Electrical  characteristics  for  a  shot  with  a  4-minute  aluminum  coating  are  shown  in 
Figure  6.  Comparison  with  Fig.  3  shows  that  the  corrected  voltage  never  rises  greatly 
above  the  noise  level,  but  the  two  sets  of  traces  suggest  a  foil  resistance  that  rises  from 
near  zero  to  a  value  of  about  0.4  Q.  before  dropping  to  a  much  lower  value. 

Optical  and  interferometric  data  for  this  shot  is  shown  in  Fig.  7.  A  large-diameter 
photodiode  (PD)  is  used  to  record  visible  light  emission  without  spatial  or  spectral 
resolution.  When  the  photodiode  was  covered  with  an  interference  filter  for  the  Al  I  line 
at  3961  A  no  signal  was  observed,  indicating  that  light  emission  is  dominated  by  the 
continuum  and  lines  that  appear  only  faintly  on  the  film.  A  photomultiplier  (PMT)  is  used 
with  a  spectrometer  to  record  the  Al  I  line  emission.  In  this  case  no  measurable  signal  is 
observed  when  the  spectrometer  is  detuned.  These  data  are  corrected  for  all  optical  path 
lengths  and  for  the  photomultiplier  tube  intrinsic  delay.  Both  broad-band  and  neutral 
aluminum  light  are  observed  to  begin  at  about  the  moment  of  foil  voltage  collapse. 

The  electron  density  is  measured  using  our  standard,  40-MHz  heterodyne-phase- 
detection  interferometer.  The  ~3-mm  diam  beam  was  aligned  to  graze  the  anode.  The 
short  (2-cm)  path  length  here  leads  to  a  relatively  large  noise-equivalent  average  density, 
and  on  this  shot  the  electron  density  barely  exceeds  that  value,  rising  to  IxlO^S  cm-3  well 
after  the  pulse. 

Figures  8-10  compare  total  light,  Al  I  emission,  and  the  calculated  electron  density 
for  shots  using  anodes  with  aluminum  coating  times  of  4,  10,  16,  and  30  minutes,  giving 
approximate  foil  thicknesses  of  200,  400,  600,  and  over  1000  A.  In  comparison  with  the 
4-minute  anode,  the  10-minute  anode  shows  a  later  onset  of  both  total  and  aluminum  light 
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emission  and  a  roughly  four-fold  higher  electron  density.  With  the  higher  density  the  S/N 
ratio  improves  and  the  density  can  be  seen  to  start  near  the  time  of  peak  current,  about  30 
ns  after  the  onset  of  light  emission.  The  later  apparent  vaporization  time  and  higher 
density  seen  here  would  be  expected  for  the  thicker  coating.  With  the  16  minute  anode, 
no  further  increase  in  time  of  light  emission  onset  is  observed  and  the  electron  density  is 
actudly  lower,  relative  to  the  10  minute  anode.  For  the  30  minute  anode,  neither 
aluminum  light  nor  measurable  electron  density  is  ever  observed.  The  corrected  voltages 
for  these  shots  are  consistent  with  the  light  emission  traces:  for  the  10  and  16  minute 
anodes  the  corrected  voltage  drops  at  the  time  emission  begins,  and  no  noticeable 
corrected  voltage  is  observed  for  the  30  minute  anode. 

INTERPRETATION 

Tucker  and  Toth  present  resistivity  and  phase  transition  occurrences  for  various 
metals  as  functions  of  specific  action  (A^-s/cm^)  and  specific  energy  density  in  a  SNL 
report  (SAND-75-0041).  The  former  is  a  more  useful  quantity  for  comparison  with  the 
present  experimental  results  because  of  the  uncertainty  in  the  foil  voltage.  For  aluminum, 
vaporization  begins  at  a  specific  action  of  4.9x10^  A^-s/cm^  and  a  resistivity  of  42  pH- 
cm.  By  the  end  of  vaporization,  or  burst,  these  values  become  6.6x10^  and  390, 
respectively.  The  calculated  actions  and  resistances  corresponding  to  the  beginning  of 
vaporization  are  compared  with  those  measured  at  the  time  of  light  emission  and  voltage 
collapse  for  the  four  shots  above  in  the  following  table  (neither  occurred  on  HP54  so  the 
action  is  that  at  the  end  of  the  current  pulse): 


Shot 

Thickness 

(A) 

Pred  action 
(A2-s) 

Meas  action 
(A2-s) 

Pred  res 
(O) 

Meas  res 
(H) 

HP49 

200  +/-100 

0.5-4.5 

0.2-0.8 

.5-1.4 

0.2-0.6 

HP50 

400  +/-150 

2.8-14 

1-3 

.25-.6 

0.1 -0.4 

HP51 

600  +/-200 

7.2-29 

1-3 

.17-.35 

0.1 -0.4 

HP54 

1000+/-200 

r29-65 

>40 

At  least  on  two  shots,  aluminum  is  vaporized  much  sooner  than  predicted.  The 
foil  resistance  is  also  lower  than  expected,  especially  since  the  predicted  values  correspond 
to  the  beginning  of  vaporization;  those  predicted  for  burst  are  almost  ten  times  greater.  A 
likely  explanation  for  the  early  vaporization  is  that  the  foils  are  not  completely  uniform. 
Polishing  the  anodes  prior  to  waxing  leaves  a  very  fine  pattern  of  azimuthal  scratches 
resembling  a  phonograph  record.  These  persist  in  the  coated  films  as  areas  of  variable 
transparency,  indicating  a  non-uniform  film  thickness,  i.e.,  a  radial  scan  of  the  film 
thickness  would  have  a  sawtooth  profile.  The  thinner  regions  would  then  vaporize  at  an 
action  much  lower  than  the  value  predicted  for  the  average  foil  thickness,  and  yet  these 
regions  may  contribute  little  to  the  total  resistance  if  they  constitute  a  small  fraction  of  the 
foil  radial  extent.  The  early  vaporization  may  be  exacerbated  in  our  experiments  because 
of  the  relatively  slow  current  rise  time. 


The  collapse  of  the  foil  voltage  on  these  shots  occurs  at  values  of  5-10  kV,  which 
seems  low  for  a  rapid  gas  breakdown  to  occur.  One  possibility  is  that  arcs  at  the  current 
contacts  produce  electrons  to  initiate  this  breakdown.  To  examine  the  breakdown 
evolution,  a  few  shots  have  been  taken  using  a  streak  camera,  with  the  slit  aligned  in  the 
radial  direction.  The  resolution  of  this  measurement  is  limited  by  the  low  light  levels 
involved,  but  indications  are  that  light  is  observed  from  the  foil  emission  region  before  the 
contacts  light  up.  This  indicates  that  arcs  at  the  contacts  are  not  the  cause.  Another 
possibility  IS  that  if  small  regions  of  the  foil  vaporize  first,  breakdown  may  be  added  by  the 
semi-microscopic  field  enhancement  that  would  result. 

The  above  data  point  to  two  possible  factors  that  may  have  limited  the  diode 
performance  on  the  past  Gamble  11  run;  the  vaporized  foils  may  not  have  supplied  enough 
protons,  resulting  in  a  source-limited  ion  current;  and,  the  relatively  long  delays  between 
foil  breakdown  and  the  diode  pulse  may  have  allowed  plasma  and/or  neutrals  to  move  out 
into  the  diode,  possibly  causing  parallel  load  losses.  Both  of  these  problems  should  be 
corrected  if  the  foils  could  hold  off  until  past  the  peak  of  the  pulser  current  pulse,  since 
that  would  increase  the  plasma  (and  thus  proton)  inventory,  and  allow  a  shorter  foil- 
current/diode-current  delay  to  be  used.  Premature  foil  vaporization  should  be  impeded  by 
either  a  faster  current  rise  or  a  greater  foil  uniformity,  and  both  of  these  approaches  will  be 
pursued. 

FUTURE  WORK 

Work  at  present  is  proceeding  in  parallel  in  three  areas:  (1)  A  limiter-EMFAPS 
run  will  begin  on  Gamble  II  next  week.  In  addition  to  furthering  our  study  of  EMFAPS 
physics,  this  will  allow  our  programs  that  require  an  MID  source  to  proceed.  (2)  We  will 
continue  to  investigate  the  coating  process  and  to  study  foil  explosions  on  the  bench.  (3) 
An  improved  pulser  will  be  constructed.  Progress  in  these  areas  should  allow  us  to  field  a 
successful  pulser-driven  EMFAPS  source  on  Gamble  II. 
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PULSED  POWER  PHYSICS  TECHNOTE  94-09 


TITLE:  CALIBRATION  OF  APPLIED-B  DIODE  MONITORS 

Author:  D.  Hinshelwood 

Date:  May  5,  1994 


Abstract:  This  note  gives  a  detailed  analysis  of  all  short-circuit  shots  taken  with  the 


applied-B  diode,  from  which  monitor  calibrations  and  their  uncertainties  are 
obtained.  With  a  few  exceptions,  the  monitor  calibrations  have  remained  fairly 
stable  over  time  and  with  the  correct  calibrations,  we  can  have  a  fair  degree  of 
confidence  regarding  data  taken  during  previous  runs. 
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The  following  is  an  attempt  to  analyze  in  gory  detail  the  short-circuit  shots  taken 
during  several  runs  with  the  applied-B  diode.  During  these  runs  we  have  seen  some 
apparent  changes  in  calibrations  for  some  of  the  monitors,  which  has  caused  concern.  For 
this  experiment  the  calibrations  of  current  monitors  are  particularly  important  because  the 
ion  current  efficiency  involves  both  a  ratio  and  a  difference  of  current  signals.  After  a 
thorough  review  of  the  data,  it  appears  that  the  calibrations  have  been  fairly  stable  with  a 
few  exceptions.  This  note  contains  few  waveforms  but  those  referred  to  are  collected  in  a 
notebook  in  my  office. 

Shots  with  the  applied-B  diode  were  taken  during  seven  separate  runs  to  date. 
Passive  anodes  only  were  used  on  the  first  three  runs.  I  was  not  involved  with  these  runs 
and  Jess  should  be  contacted  with  specific  questions.  The  first  run  comprised  shots  5358- 
5385.  Shot  5360  was  a  short-circuit  shot  with  good  signals.  No  further  short-circuit 
shots  were  taken  during  these  three  runs.  The  second  and  third  runs  comprised  shots 
5514-5529,  and  shots  5571-5584. 

The  fourth  run  involved  our  studies  of  POS-driven  EMFAPS,  and  comprised  shots 
5585-5610.  Most  of  the  shots  during  this  run  were  devoted  to  optimizing  the  POS  and 
had  short-circuit  loads.  As  will  be  discussed,  many  calibration  inconsistencies  were 
observed  at  this  time.  On  shots  5585-90  the  short-circuit  connection  was  made  at  the 
outer  cathode  ring  so  that  calibrations  of  most  monitors  were  not  possible.  Shots  5596- 
5598  were  short-circuit  shots  with  no  plasma.  Initially,  all  four  monitors  IKl-4  consisted 
of  sets  of  three  dB/dt  loops,  summed  at  the  machine.  Because  of  shifting  values  of  the 
apparent  IK4  calibrations  which  were  noticed  at  this  time  (see  below),  the  3,  IK4  loops 
were  monitored  on  separate  channels  from  shot  5597  on.  Shots  5601-5605,  5607,  and 
5608  had  injected  POS  plasma  but  sufficiently  short  conduction  that  calibrations  could  be 
obtained. 

The  fifth  run  consisted  of  our  first  attempt  at  pulser-driven  EMFAPS,  shots  5806- 
5830.  Shots  5806-7  were  short-circuit  shots.  The  sixth  run  was  devoted  to  limiter-driven 
EMFAPS  and  involved  shots  5887-5915.  No  short-circuit  shots  were  taken  during  this 
run. 


The  seventh,  current  run  is  our  second  attempt  at  pulser-driven  EMFAPS  using  a 
more  powerful  pulser  and  (hopefully)  better  foils,  and  consists  of  shots  5980-6020.  Shots 
5980-5981  were  short-circuit  shots  although  many  signals  were  off-scale  on  the  former. 
Shot  5981  gave  significantly  different  calibrations  for  IK3  and  IK2  than  shot  5807.  As  a 
consistency  check,  shot  5999  was  also  a  short-circuit  shot.  This  gave  similar  calibrations 
to  those  from  shot  5807.  We  then  realized  that  shot  5981  was  taken  without  the  cathode 
rings.  (This  had  been  done  to  make  sure  that  we  did  not  get  emission  from  them.)  To 
study  this  further,  short-circuit  shots  6000-6002  were  taken.  Shot  6000  also  had  no 
cathode  tips,  shot  5999  had  the  cathode  tips  and  Kimfol  ring  but  no  Kimfol,  and  shots 
6001-2  had  the  cathode  tips  and  a  thin  aluminum  disk  to  simulate  the  Kimfol.  All  shots 
gave  similar  calibrations  for  IK4  and  EKl,  as  would  be  expected.  Shots  6000  and  5981 
gave  similar  calibrations  for  IK3.  Finally,  shots  6008  and  6009  were  taken.  Botlrhad  the 


cathode  tips  in,  but  no  Kimfol  ring  was  used  on  shot  6008.  They  also  gave  similar 
calibrations  to  shot  5807. 

In  retrospect,  it  is  not  surprising  that  the  cathode  tips  have  a  big  effect  because 
their  presence  increases  the  depth  of  the  loops  relative  to  the  surface  over  which  current 
flows.  It  was  a  little  surprising  to  note  that  the  Kimfol  ring  has  a  negligible  effect  (see  the 
Table  below),  since  without  it  the  current  is  forced  to  flow  radially  through  the  three 
struts,  rather  than  through  the  uniform  foil. 

After  noticing  the  effect  of  the  cathode  tips'  presence,  I  spoke  with  Mike  Cuneo  to 
make  sure  that  there  was  not  something  else  that  we  were  forgetting.  He  said  that  they 
calibrated  their  monitors  in  the  same  way  that  we  had  been  doing,  and  that  it  is  important 
to  have  the  cathode  tips  in  place.  They  also  observe  no  significant  effect  from  the 
presence  of  the  Kimfol,  which  he  attributes  to  the  placement  of  the  three  loops:  they  are 
offset  by  30  degrees  from  the  struts.  Mike  also  said  that  the  arches  in  the  cathode  tips  are 
actually  a  bit  too  small  and  that  they  slightly  occlude  the  B-dot  holes  in  the  cathode.  I 
looked  carefully  at  our  hardware  and  noticed  a  very  small  amount  of  azimuthal  play  in  the 
cathode  tip  placement.  This  play  could  allow  a  small  shot-to-shot  variation  in  the  B-dot 
sensitivity  by  allowing  a  slight  occlusion  of  the  holes  on  some  shots.  I  think  this  effect  will 
be  very  small,  but  perhaps  the  arches  should  be  enlarged  before  the  next  run. 

The  B-dots,  particularly  those  for  IK2  and  IKS,  suffer  signal  distortion  caused  by 
field  penetration  into  the  titanium  during  the  current  pulse.  This  results  in  an  apparent 
increase  in  the  signal  amplitude  toward  the  end  of  the  pulse.  Early  on,  we  found  that  we 
could  approximately  match  the  lOUT  waveform  by  applying  a  negative  time  constant 
correction  to  the  B-dot  signals.  The  time  constant  was  chosen  to  optimize  the  matching 
of  signal  shapes.  Mike  said  that  they  use  a  similar  technique  at  Sandia.  However,  this  is 
not  an  exact  correction  and  some  error  in  the  B-dot  signals  can  still  be  expected  late  in 
time. 


It  seems  that  the  design  of  these  current  monitors  could  be  improved  significantly. 
If  we  were  building  hardware  from  scratch,  I  would  locate  the  B-dot  loops  in  an  azimuthal 
slot  and  fasten  the  cathode  tips  on  from  the  front.  By  using  a  slot  rather  than  separate 
holes,  the  B-dot  sensitivity  would  be  increased  greatly,  and  there  would  be  no  distortion  of 
the  signal  shape  resulting  from  field  penetration  into  the  titanium. 


This  table  gives  calibrations  derived  from  all.Applied-B  short  circuit  shots.  IK3T 
and  IK4T  refer  to  the  composite  averages  of  the  three  individual  signals.  All  calibrations 
are  in  units  of  10^  1  and  those  for  IK3  and  IK4  are  multiplied  by  -1.  These  calibrations  are 
based  on  the  time  constant  corrections  given  at  the  bottom,  in  units  of  except  for 
IKL  where  the  calibrations  are  based  on  -2  x  lO'^.  The  average  calibration  for  IKl  is 
based  on  a  more  correct  time  constant  of-3  x  10“^  . 
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use  6  as  calibration  for  IK3T  on  shots  5594-5600 
nr  signal  not  recorded 
os  signal  off  scale 

X  scope  troubles  or  signal  strange  shape 

can't  average  because  one  or  two  signals  missing 
(1)  termination  troubles  with  HP  prevent  calibration 

The  calibrations  will  now  be  discussed  in  more  detail. 


IKl: 


These  loops,  located  inside  the  inner  cathode  ring,  never  show  any  current.  There 
is  really  little  reason  to  even  record  these  signals.  However,  it  is  useful  to  go  through  the 
exercise  of  checking  the  calibration  over  time,  as  sort  of  a  consistency  check.  Except  for 
shot  5360,  the  calibrations  show  a  variation  of  about  +/-  ten  percent,  and  there  is  no 
constant  variation  with  time.  As  mentioned  above,  the  values  in  the  table  were  calculated 
based  on  a  time  constant  of  -2  x  10'^.  Inspection  of  the  waveforms  shows  that  this 
slightly  over-corrects  the  signals.  A  value  of  -3  x  10"^  was  chosen  to  match  the  value 
used  for  IK4  below  (IKl  and  IK4  have  similar  loop  geometries).  Using  this  time  constant 
would  give  the  average  calibration  listed  at  the  bottom. 

IK2; 

These  loops  are  located  on  the  outside  of  the  inner  cathode  and  they  measure 
electron  current  emitted  from  the  inner  cathode.  This  current  tends  to  be  small  but  not 
negligible,  and  its  measurement  is  important  because  this  current  must  be  subtracted  from 
that  of  IK3  to  get  the  ion  current.  Calibrations  were  obtained  using  a  time  constant  of 
-1.7  X  10"^.  This  was  seen  to  be  the  optimum  value  for  the  IK3  loops,  which  have  the 
same  geometry  as  the  IK2  loops.  Looking  over  the  data,  this  time  constant  gives 
reasonable  agreement  with  the  shape  of  lOUT.  Shot  5981,  taken  without  the  cathode 
rings  in  place,  gives  a  low  calibration  as  expected.  The  other  calibrations  indicate  that  the 
cathode  rings  were  in  place  for  all  previous  calibration  shots.  The  average  calibration  is 
obtained  from  the  remaining  9  shots  where  the  signal  was  not  off  scale.  Seven  shots  gave 
calibrations  within  five  percent  of  the  average,  with  the  remaining  two  deviating  by  seven 
and  14  percent.  In  addition,  there  are  three  shots,  where  the  signal  was  off  scale,  that  are 
consistent  with  the  average  calibration.  It  is  particularly  encouraging  to  note  that  there  is 
no  steady  "drift"  in  the  calibrations  over  the  entire  duration  of  the  applied-B  runs. 

IK3: 


These  loops  are  located  on  the  inside  of  the  outer  cathode.  The  ion  current  is 
given  by  the  difference  between  IK3  and  IK2,  so  that  IK3  is  the  most  important  of  the  four 
loop  sets.  Because  of  calibration  uncertainties  noticed  in  the  fourth  run,  the  three  loops 
were  monitored  individually  starting  with  shot  5601.  Consider  first  shots  5806-onward. 
The  average  calibration  values  listed  at  the  bottom  of  the  table  were  derived  from  these 
shots.  As  with  IK2,  shots  5981  and  6000,  taken  without  the  cathode  rings  in  place,  give 
low  calibrations.  On  several  of  these  shots,  different  values  of  the  time  constant  were 
checked  and  -L7x  10'^  was  found  to  give  the  best  shape  agreement  overall.  The  degree 
of  waveshape  agreement  varies  somewhat  from  shot  to  shot,  but  this  may  be  due  in  part  to 
uncertainty  in  baselining  the  traces.  One  trouble  is  that  these  signals  have  been  recorded 
on  7912's,  whose  short  record  length  does  not  permit  a  long  lead-in  from  which  accurate 
baseline  values  may  be  obtained.  The  calibrations  from  these  shots  are  within  ten  percent 
(with  one  exception,  which  deviates  by  13  percent)  of  the  average  for  individual  loops  and 
within  five  percent  for  the  three-loop  composite.  The  average  calibrations  from  shots 


5806-5807  are  within  about  one  percent  of  the  total  average.  This  is  encouraging  because 
of  the  large  number  of  shots,  taken  over  a  large  expanse  of  time,  between  the  short-circuit 
shots  5807  and  5999.  It  is  also  encouraging  to  note  that  the  composite  calibration  from 
shot  5360  is  within  three  percent  of  the  average  value  for  the  composite  calibration. 
These  results  also  indicate  that  the  presence  of  Kimfol  has  no  significant  effect,  in 
agreement  with  Mike’s  results  at  SNL.  Shot  5999  had  the  Kimfol  ring  but  no  Kimfol,  and 
shot  6008  had  neither.  The  first  gave  calibrations  close  to  the  average,  and  the  latter  gave 
calibrations  (for  both  IK2  and  IK3)  that  are  only  a  bit  low. 

Thus,  if  the  fourth  run  (shots  5596-5608  on  the  table)  is  ignored,  the  calibrations 
for  IK3  look  quite  consistent.  The  problem  is  that  while  the  fourth  run  had  only  a  few 
applied-B  diode  shots,  it  does  include  shot  5595,  our  best  results  to  date.  Two  other 
shots,  5594  and  5600,  also  showed  good  performance. 

Shots  5596-5598  indicate  a  composite  calibration  that  is  15  percent  low,  i.e.,  the 
signals  are  higher  than  usual.  One  possibility  is  that  the  cathode  tips  were  left  out,  and 
thus  the  "standard"  calibration  would  apply  on  the  applied-B  diode  shots.  I  don't  think  the 
cathode  tips  were  left  out  for  two  reasons:  (1)  the  calibrations  for  IK2  during  this  run  are 
not  consistent  with  this  (the  inner  tip  would  not  have  been  installed  without  the  outer  tip); 
(2)  the  results  on  the  diode  shots  during  this  run  are  not  consistent  with  this  -  using  the 
standard  calibration  gives  ion  currents  at  times  larger  than  the  total  current.  On  shots 
5601-5608  the  loops  were  monitored  separately  although  only  IK3C  was  recorded  on 
most  shots.  The  fact  that  the  IK3C  calibrations  on  these  shots  are  also  low  (by  about  the 
same  amount)  indicates  that  the  different  calibration  did  not  result  from  a  single  loop,  or 
the  splitter  box.  On  shots  5607-5608,  the  IK3C  signal  was  recorded  on  the  HP  and  a 
7912.  Both  gave  the  same  amplitudes,  indicating  that  there  was  not  a  scope  problem. 
This  leaves  the  attenuators.  The  composite  signal  on  5596-5598  and  the  IK3C  signals  on 
the  following  shots  probably  used  the  same  20  dB  attenuator.  On  the  other  hand,  I  seem 
to  remember  checking  all  attenuators  at  the  time  of  the  run.  It  is  probably  not  possible  at 
this  time  to  go  back  and  resolve  the  problem.  However,  the  consistent  results  of  the 
short-circuit  shots  during  this  run  leave  me  comfortable  with  using  a  composite  calibration 
of  6  X  10^1  for  IK3.  This  calibration  also  gives  physically  reasonable  signals  on  the 
applied-B  shots  during  the  run. 

IK4: 


These  B-dots  are  located  on  the  outside  of  the  outer  cathode  ring  and  measure  the 
total  diode  current.  On  Gamble  II,  we  do  not  expect  any  vacuum  electron  flow  from 
upstream  of  this  monitor.  Therefore,  this  monitor  should  agree  with  the  machine  current 
monitors  lOUT  and  ISHT,  and  in  effect  every  shot  is  a  calibration  shot.  This  also  means 
that  the  IK4  signal  is  not  as  important  as  IK3  and  pC2.  The  time  constants  used  give 
reasonable  waveshape  agreement  with  lOUT.  The  use  of  a  different  time  constant  for 
IK4A  is  supported  by  the  data.  The  averages  given  in  the  table  are  derived  from  shots 
5806-on.  Over  these  shots,  the  individual  calibrations  agree  with  the  average  to  within 
about  ten  percent,  and  the  composite  calibrations  match  the  average  within  five^percent. 


All  actual  shots  taken  during  this  time  also  show  agreement  between  IK4T  and  lOUT  to 
within  five  percent.  Similar  agreement  is  obtained  on  the  short-circuit  shot  5360  and  on 
all  diode  shots  up  to  shot  5517  in  the  second  run.  However,  over  shots  5520-5596,  the 
composite  calibrations,  derived  from  IK4T-IOUT  comparisons,  vary  greatly  shot  to  shot, 
increasing  from  the  average  by  up  to  a  factor  of  2.5.  After  shot  5596,  the  three  signals 
were  recorded  individually,  although  only  nC4C  was  actually  recorded  after  shot  5598. 
By  that  time,  the  IK4C  calibration  was  consistent  with  the  final  average.  Actually,  there  is 
a  general  trend  from  shot  5594  on,  where  the  calibration  seems  to  be  settling  down  to  the 
usual  value.  One  possibility  is  that  some  debris  was  not  being  completely  removed  from 
the  epoxy  potting  around  these  loops  for  some  period  of  time.  In  any  event,  the  problem 
seems  to  have  gone  away. 

In  summary,  the  B-dot  loops  on  the  applied-B  cathode  show  calibrations  that  are 
consistent  over  time  within  about  five  percent,  which  is  all  the  accuracy  that  can  be 
expected,  with  two  exceptions.  During  the  fourth  run  the  IK3  loops  had  a  20  percent 
lower  calibration  for  reasons  that  are  not  exactly  clear.  And  during  a  longer  period  of  time 
the  IK4  loops  had  a  varying,  higher  calibration.  The  latter  problem  is  not  serious  since  the 
IK4  loops  are  essentially  redundant  with  lOUT.  I  now  believe  that  with  these  calibrations 
we  can  have  a  good  deal  of  confidence  in  the  key  current  waveforms  on  all  previous 
applied-B  diode  shots.  With  our  present  SOP,  which  includes  frequent  short-circuit  shots, 
great  care  in  cleaning  around  the  loops,  and  verification  of  attenuator  values,  even  greater 
confidence  is  warranted.  At  present,  the  accuracy  of  current  measurement  is  limited 
primarily  by  two  effects:  (1)  imperfect  reconstruction  of  the  waveshapes  by  the  use  of 
time-constant  correction;  (2)  integration  errors  resulting  from  incorrect  baselining.  The 
former  is  unavoidable  without  a  complete  hardware  redesign.  The  latter  could  be  reduced 
greatly  by  recording  the  signals  with  a  longer  lead-in,  and  in  the  future  we  should  consider 
using  the  HP  for  the  more  important  signals. 

Inductance: 

Examining  the  inductance,  derived  from  short-circuit  shots,  over  time  can  give  a 
consistency  check  on  the  machine  monitors  VD,  ISHT,  and  lOUT.  For  most  of  the  short- 
circuit  shots,  as  well  as  most  of  the  diode  shots,  ISHT  and  lOUT  are  in  reasonable 
agreement.  The  following  table  lists  the  inductances  calculated  from  the  short-circuit 
shots.  Nominally,  the  inductance  would  be  obtained  by  comparing  DIOUT  and  VD,  and 
these  values  are  given  in  the  third  column.  The  problem  with  this  is  that  the  shapes  of  the 
two  signals  never  exactly  agree.  This  may  be  due  to  transmission  line  effects,  as  the  short 
is  located  about  3  ns  from  the  voltage  monitor.  Indeed,  DIOUT  is  usually  seen  to  have  a 
ringing  imposed  on  it  that  is  missing  on  VD.  (This  problem  for  some  reason  seems  to 
have  gotten  worse  on  the  most  recent  run.)  By  comparing  the  integral  of  VD  to  lOUT 
some  of  this  gets  smoothed  over  and  better  shape  agreement  is  obtained.  Inductances 
derived  in  this  way  are  given  in  the  second  column,  and  inductances  similarly  derived  from 
the  integral  of  VD  and  ISHT  are  given  in  the  third  column.  The  last  column  lists 
inductances  derived  from  VD  and  the  (9  point)  derivative  of  IK4T,  normalized  to  lOUT 
on  that  shot.  On  many  shots  DIK4T  has  a  smoother  signal  than  DIOUT,  which  suggests 


that  the  ringing  on  DIOUT  may  be  due  in  part  to  pickup  rather  than  transmission  line 
effects. 


The  diode  hardware  has  been  essentially  unchanged  since  the  very  first  shots,  so 
that  the  inductance  should  be  constant  to  within  1  nH.  The  exception  is  shot  5360,  which 
was  taken  without  the  3-cm  door  spacer  and  with  a  2-mm  farther  coil  spacing.  These  two 
effects  combine  to  reduce  the  inductance  by  about  6  nH.  The  values  for  shot  5360  in  the 
table  have  had  6  nH  added  to  them  to  correct  for  this.  The  average  inductance  over  shots 
5806-6009  is  85  nH,  and  the  variation  is  within  seven  percent  ,  which  is  reasonable 
considering  the  uncertainties  involved.  The  value  for  shot  5360  is  also  consistent  with 
this.  The  values  over  shots  5597-5608  are  lower,  however,  averaging  to  75  nH.  It  would 
be  tempting  to  simply  disregard  these  shots  since  other  calibration  troubles  were  present  at 
this  time. 

However,  calibrations  of  the  diode  voltage  monitor  support  this  difference.  At 
shot  5407  the  monitor  was  calibrated,  giving  1.22  MVA/,  which  was  essentially 
unchanged  from  a  previous  measurement.  This  number  has  been  used  to  obtain  the  values 
in  the  table.  After  shot  6020  the  monitor  was  calibrated  again,  yielding  a  factor  of  1.15 
MVA^.  Using  this  value  for  shots  5806-6009  (the  values  after  the  7"  in  the  average 
column)  gives  an  average  inductance  of  80  nH,  a  number  which  is  still  consistent  with  shot 
5360  and  within  ten  percent  of  the  results  from  shots  5597-5605. 


Shot 

lOUT 

DIOUT 

ISHT 

DIK4T 

AVG 

Comments 

5360 

82 

83 

82 

83 

82 

corr  for  missing  door  spacer;  reas  sh  agr 

5596 

58 

- 

58 

65 

poor  shape  agreement 

5597 

79 

79 

78 

- 

79 

reasonable  shape  agreement 

5598 

76 

76 

75 

- 

76 

reasonable  shape  agreement 

5601 

. 

- 

- 

very  poor  shape  agr,  problems  with  VD? 

5602 

- 

- 

very  poor  shape  agr,  problems  with  VD? 

5603 

- 

- 

very  poor  shape  agr,  problems  with  VD? 

5604 

74 

75 

74 

- 

75 

reasonable  shape  agreement 

5605 

74 

- 

74 

can't  use  lOUT,  term  error 

5607 

65 

66 

64 

- 

not  so  good  shape  agreement 

5608 

70 

72 

68 

73 

71 

reasonable  shape  agreement 

5806 

80 

00 

o 

80 

- 

80/75 

poor  shape  agr  on  differential  signals 

5807 

88  1 

92 

88 

92 

90/84 

reasonable  shape  agreement 

5981 

88 

. 

88 

86 

87/82 

reasonable  shape  agreement 

5999 

86 

89 

85 

88 

87/82 

ISHT  higher  than  lOUT 

6000 

86 

92 

82 

92 

88/83 

lOUT  higher  than  ISHT,  not  so  gd  sh  agr 

6001 

80 

86 

84 

81 

85/80 

lOUT  higher  than  ISHT.  not  so  gd  sh  agr 

6002 

85 

88 

81 

85 

85/80 

lOUT  lower  than  ISHT,  reas  shape  agr 

6008. 

86 

83 

87 

85/80 

not  so  good  shape  agreement 

6009 

78 

- 

79 

79 

79/74 

DIOUT  useless  on  6008,  6009 

Motivated  by  these  inductance  calculations,  I  will  (somewhat  arbitrarily)  ^ume  a 
calibration  for  VD  of  1.22  MVA^  for  the  first  four  runs  (up  to  shot  5610)  and  1.15  MVA7 


for  the  subsequent  shots.  The  nominal  inductance  is  80  nH.  Of  course,  this  is  the 
inductance  up  to  the  short.  The  actual  inductance  (to  IK4)  is  expected  to  be  about  5  nH 
less  than  this,  and  so  a  value  of  75  nH  will  be  used  in  the  inductive  correction. 

Open-circuit  voltage: 

In  principle,  the  calculated  open-circuit  voltage  can  be  compared  with  the 
transformer  input  to  provide  another  consistency  check  on  the  diagnostics.  I  tried  this, 
however,  and  got  poor  waveshape  agreement  and  so  this  does  not  appear  fhiitful. 

Timing: 

Possible  timing  errors  arise  from  three  sources:  (1)  scope  time  base  inaccuracies; 
(2)  uncertainties  in  determining  the  fiducial  position;  (3)  unequal  cable  lengths.  We  have 
never  really  worried  about  (1),  although  in  the  future  the  scopes  should  probably  be 
calibrated  at  least  before  each  run.  The  uncertainty  produced  by  (2)  is  on  the  order  of  1 
ns.  Regarding  (3),  all  signals  are  sent  to  the  screen  room  via  equal-length  cables,  but 
several  monitors  have  additional  short  lengths  of  cables  at  the  machine.  These  may  not 
always  have  been  correctly  taken  into  account  by  adjusting  the  fid  delay.  In  addition, 
there  is  a  possible  fundamental  uncertainty  associated  with  the  3-ns  separation  of  VD  and 
ISHT  from  the  rest  of  the  monitors.  BERTHA  modeling  in  the  past,  however,  has  shown 
that  this  delay  does  not  appear  on  the  waveforms  (since  they  respond  to  standing-wave 
amplitudes).  Taking  everything  into  account,  I  feel  fairly  confident  in  assigning  a  2-ns 
uncertainty  to  signal  timing,  as  long  as  the  cable  lengths  are  equal. 

On  the  most  recent  run,  the  PIN's,  lOUT,  and  IK  1-4  all  had  an  additional  -1.5  feet 
of  cable  at  the  machine.  Therefore,  on  this  run  all  signals  can  be  timed  correctly  by 
timeshifting  VD  forward  by  2.5  ns.  (I  won't  worry  about  ISHT  or  the  pulser  diagnostics, 
since  the  former  is  not  that  important  and  a  2.5-ns  shift  in  the  latter  is  negligible.)  On  the 
previous  three  runs,  lOUT  and  VD  had  the  same  length,  and  so  IKl-4  should  be  shifted 
back  by  2.5  ns. 

The  results  will  not  be  very  sensitive  to  a  possible  +/-  2  ns  relative  timing  error 
between  different  current  waveforms,  but  they  may  be  sensitive  to  an  error  in  the  relative 
timing  of  VD  and  lOUT.  Synchronization  of  these  is  necessaiy  first  to  obtain  VCOR  and 
then  to  get  the  impedance,  power,  calculated  Rutherford  signal,  etc.  The  following  two 
graphs  show  VCOR  and  Z  calculated  based  on  a  +/-  2  ns  timeshift  of  VD  from  its  correct 
time.  A  small  but  noticeable  change  in  the  impedance  behavior  results.  For  this 
experiment  (unlike  shots  with  the  PRD  where  the  impedance  is  more  stable)  we  have  to 
realize  that  there  is  an  uncertainty  of  the  order  shown  here  in  the  waveforms  derived  from 
both  voltage  and  current. 


SECTION  THREE 


INTENSE  BEAM  TRANSPORT 


JAYCOR  personnel  were  directly  involved  in  all  aspects  of  the  NRL  intense  beam 
transport  program  during  the  contract  period.  Theoretical  and  experimental  studies  of  beam 
transport  were  carried  out  in  support  of  the  Sandia  National  Laboratories  light-ion  inertial 
confinement  fusion  program.  Investigations  performed  under  the  contract  period  are 
summarized  below. 

3.1  Transport  of  Intense  Ion  Beams  in  Gas 

Present  designs  for  a  light-ion  inertial-confinement-fusion  reactor  indicate  that  intense 
ion-beams  must  be  ballistically  transported  and  focused  over  a  distance  of  several  meters  in  a 
low-pressure,  background  gas.  These  reactor  designs  are  referred  to  as  either  the  Laboratory 
Microfusion  Facility  (LMF)  or  the  High-Yield  Facility  (HYF).  During  the  previous  contract 
period,  ion  beam  transport  experiments  in  low-pressure  gases  were  conducted  at  NRL  with 
JAYCOR  participation.  During  this  contract  period,  additional  analyses  were  performed,  with 
JAY  COR  participation,  in  order  to  understand  the  evolution  of  the  background  gas/plasma 
parameters.  A  detailed  theoretical  analysis  has  been  completed  that  provides  scaling  relations 
between  parameters  obtained  on  the  Gamble  II  experiments  and  the  required  LMF/HYF 
parameters. 

Another  beam  transport  method,  self-pinched  transport,  is  under  consideration  as  a 
backup  transport  scheme  for  light-ion  inertial-confinement-fusion  designs.  JAYCOR  personnel 
are  working  with  NRL  and  SNL  to  design  self-pinch  transport  experiments  (to  be  performed  at 
NRL)  and  to  conduct  theoretical  analysis  of  this  transport  method.  Detailed  analytic  and 
computational  modeling  using  the  three-dimensional  particle-in-cell  code  IPROP  (written  by  D. 
Welch,  Mission  Research  Corp.)  are  underway.  Once  again,  JAYCOR  personnel  are  involved 
with  all  aspects  of  the  self-pinch  transport  experiments  and  analysis. 

3.2  Analysis  of  Ion  Beam  Transport  Constraints 

A  detailed  study  of  ion  beam  transport  constraints,  conducted  by  JAY  COR  personnel  in 
collaboration  with  NRL,  was  performed  during  the  contract  period.  These  constraints  can 
define  a  region  in  parameter  space  in  which  ion  beam  transport  is  possible  (i.e.,  an  operational 
window).  Constraints  identified  and  analyzed  during  this  study  include  beam-driven 
instabilities,  plasma  hydrodynamics,  beam  energy  loss  during  transport,  module  packing  (the 
reactor  design  is  multimodular),  and  beam  transport  efficiency.  In  addition,  system  design 
parameters  such  as  time-of-flight  bunching  of  the  beams,  background  gas  species,  and 
background  gas  pressure,  were  factored  into  the  analysis.  A  methodology  for  analyzing  other 
transport  schemes  and  reactor  designs  was  established.  The  results  of  the  analysis  for  the 
ballistic  transport  with  solenoidal  lens  focusing  scheme  indicate  that  baseline  reactor  design 
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parameters  may  be  too  limiting  and  thus  some  design  changes  will  have  to  be  considered.  This 
work  is  summarized  in  an  accompanying  internal  report. 

3.3  Diagnostic  Development 

Diagnostic  development  in  support  of  intense  ion  beam  transport  experiments  continued 
during  the  contract  period  with  JAYCOR  participation.  A  proton  beam  diagnostic,  based  on 
Rutherford  scattering,  has  been  extensively  evaluated.  Fielded  on  Gamble  II  pinched-beam  ion 
diode  experiments  at  NRL,  this  diagnostic  continues  to  show  promise  as  an  accurate  method  of 
determining  beam  energy  losses  during  transport.  JAYCOR  personnel  were  also  involved  with 
the  development  of  other  beam  diagnostics  including  Faraday  cup  detectors,  shadowboxes,  etc. 
When  applicable,  new  subroutines  were  added  into  the  main  NRL  experimental  data  analysis 
program.  These  subroutines  include  stopping  power  calculations,  detailed  in  an  enclosed  report 
(3.5.13). 

3.4  Additional  Beam  Transport  Work 

In  addition  to  the  tasks  described  above,  JAYCOR  personnel  were  involved  in  several 
other  beam  transport  related  projects.  Follow-up  work  from  the  previous  contract  period  on  a 
survey  of  radioactivities  induced  by  proton  and  deuteron  beams  in  common  accelerator  and 
laboratory  materials  was  completed  and  submitted  for  publication.  JAYCOR  personnel  in 
collaboration  with  NRL  and  Los  Alamos  National  Laboratories  conducted  experiments  in 
surface  modification  of  materials  and  thin-film  deposition  using  ion  beams.  Finally,  a 
theoretical  study  of  relativistic  charged-particle  limiting  currents  was  carried  out.  The  study  of 
limiting  currents  is  especially  important  in  very-low  pressure  regime  transport  experiments,  a 
topic  of  potentially  future  importance  to  other  research  areas  supported  under  this  contract. 
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N  •  •  •  •  J 

This  paper  reports  on  the  first  experiments  designed  to  study  ion-beam-induced  gas  ionization  and 
subsequent  conductivity  growth  using  intense  proton  beams  transported  through  various  gases  in  the  I- 
Torr  pressure  regime.  Net-current  fractions  of  2%  to  8%  are  measured  outside  the  beam  channel.  Ion¬ 
ization  is  confined  predominantly  to  the  beam  channel  with  ionization  fractions  of  a  few  percent. 

Analysis  suggests  that  net  currents  are  larger  inside  the  beam  channel  and  that  fast  electrons  and  their 
secondaries  carry  a  significant  fraction  of  the  return  current  in  a  halo  outside  the  beam. 


PACS  numbers:  52.40.Mj,  4I.85.Ja,  52.25.Jm,  52.65.+2 


In  ion-d(‘iven  inertial  confinement  fusion  (ICF),  it  is 
necessary  to  transport  intense  ion  beams  over  several  me¬ 
ters  to  isolate  the  ion  source  from  the  target  explosion 
and  to  allow  for  focusing  and  time-of-fiight  bunching. 
Several  light-ion  ICF  schemes  [I],  as  well  as  some 
heavy-ion  ICF  schemes  [2,3],  envision  ballistic  (i.e., 
field-free)  transport  and  focusing  of  the  beam  in  neutral 
gas.  This  is  possible  if  rapid  beam-induced  gas  ionization 
leads  to  formation  of  a  plasma  with  conductivity  sufficient 
to  charge  and  current  neutralize  the  beam  during  the 
pulse  duration  [4].  Complete  charge  neutrality  is  expect¬ 
ed;  however,  large  net  currents  could  arise  which  would 
shift,  and  possibly  degrade,  the  beam  focal  spot  [5,6]. 
The  conductivity  must  also  be  sufficient  to  avoid  beam 
filamentation  instabilities  [7,8]  which  could  disrupt  the 
beam  tail.  The  required  conductivity  growth  results  from 
ion  impact  ionization,  secondary  electron  impact  ioniza¬ 
tion,  electron  avalanche  breakdown,  and  late-time  Ohmic 
heating. 

The  primary  light-ion  scheme  for  the  proposed  Labora¬ 
tory  Microfusion  Facility  uses  ballistic  transport  with 
solenoidal  lens  focusing  of  1-MA,  30-MeV,  40-ns  lithium 
beams  [9].  A  typical  beam  current  density  before  focus¬ 
ing  is  of  order  1  kA/cml  Helium  at  1-Torr  pressure  is 
suggested  for  the  background  gas  to  satisfy  the  above  re¬ 
quirements  while  minimizing  coliisional  energy  loss  and 
scattering  of  the  beam.  Transport  in  this  1-Torr  regime 
is  not  well  understood.  This  paper  reports  on  the  first  ex¬ 
periments  designed  to  study  ion-beam-induced  gas  ioniza¬ 
tion  and  subsequent  plasma  conductivity  growth  in  this 
regime. 

This  pressure  range  falls  between  the  high-density  re¬ 
gime  treated  by  resistive  models,  and  the  low-density  re¬ 
gime  treated  by  collisionless  models.  To  understand  this 
intermediate  regime,  additional  physics  must  be  con¬ 
sidered.  Fast  electrons  created  by  beam-ion  impact  ion¬ 
ization  (i.e.,  knockon  electrons  [10]  or  delta  rays),  which 
act  to  neutralize  beam  current  for  ion  beams,  could  be 
important  for  intense  beams.  Also,  runaway  electrons 


can  result  from  high  electric  fields  at  the  beam  front. 
Fast  electrons  created  by  these  processes  can  have  mean 
free  paths  on  the  order  of  the  beam  radius,  leading  to 
nonlocal  secondary  ionization.  A  significant  nonthermal 
electron  population,  which  persists  for  the  beam  pulse 
duration,  can  also  alter  the  plasma  conductivity.  Thus, 
coliisional  processes  involving  both  thermal  and  fast  elec¬ 
trons  are  important  in  this  intermediate  regime,  and  resis¬ 
tive  models,  which  do  not  treat  fast  electron  effects,  are 
inadequate.  Results  of  theoretical  modeling  of  these  ex¬ 
periments  using  the  DYNAPROP  [ll]  and  IPROP  [12] 
codes  are  presented  to  evaluate  the  importance  of  these 
effects.  These  codes  are  described  when  the  modeling  re¬ 
sults  are  presented. 

The  experimental  arrangement  is  shown  in  Fig.  1.  A 

1- MeV  proton  beam,  generated  in  vacuum  with  .a  pinch- 
reflex  diode  [13]  on  the  Gamble  II  generator  is  injected 
through  a  2-/im-thick  polycarbonate  foil  into  a  collimator 
consisting  of  two  3-cm-diam  apertures  separated  by  40 
cm.  The  collimator  region  is  maintained  at  1-Torr  air  to 
provide  reproducible  injection  into  the  transport  region. 
A  l-kA/cm^  beam  exits  the  collimator  through  another 

2- /im-thick  polycarbonate  foil,  and  the  interaction  of  this 


PRD  COLLIMATOR  TRANSPORT  REGION 


VACUUM  HcNc  scene  CARBON 


BEAM  PATH  ACTIVATION 

SALT  SHAKER 

FIG.  1.  Experimenlal  arrangement  of  the  pinch-reflex  diode 
(PRD),  the  collimator,  and  the  transport  region. 
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FIG.  2.  Visible-light  image  of  the  ion-beam  excitation  of 
helium  at  5  cm  into  the  transport  region.  The  beam  is  incident 
from  the  left. 


beam  with  different  gases  in  the  transport  region  is  stud- 
icd. 

The  beam  itself  is  characterized  using  several  diagnos¬ 
tics  at  various  distances  from  the  collimator  exit.  The 
number  of  protons  in  the  beam  is  measured  by  carbon  ac¬ 
tivation  [14].  A  “salt  shaker”  detector  located  26  cm  . 
beyond  the  collimator  exit  is  used  to  minimize  blowoff 
loss  of  radioactivity  [15].  The  beam  size  and  uniformity 
in  the  transport  region  are  determined  from  ion-induced 
Ka  x-ray  images  of  aluminum  targets,  and  from  damage 
patterns  on  plastic  witness  plates.  The  beam  profile  is 
also  recorded  after  transport  over  170  cm  in  gas  using 
chlorostyrene  radiachromic  film  shielded  by  a  6.4-^m 
thickness  of  aluminum.  These  measurements  indicate  a 
uniform  beam  of  50-mrad  divergence  with  a  penumbra 
extending  to  75  mrad,  consistent  with  the  collimator 
geometry.  The  energy  distribution  of  ions  in  the  beam  is 
measured  using  a  stacked-foil  diagnostic  as  described 

below.  . 

Interaction  of  the  beam  with  the  gas  is  diagnosed  using 
photometry,  magnetic-field  measurements,  and  inter¬ 
ferometry.  Visible  light  emitted  from  the  gas  is  moni¬ 
tored  with  a  photodiode  and  a  framing  camera.  A 
visible-light  image,  recorded  5  cm  beyond  the  collimator 
exit  with  a  400-ns  gated  camera,  is  shown  in  Fig.  2.  This 
image  is  uniform  with  no  apparent  structure.  Net 
currents  are  recorded  with  a  dBldt  monitor  located  13 
cm  downstream  of  the  collimator  exit  and  outside  the 
beam  envelope  at  4  cm  radius.  A  HeNe  interferometer 
using  heterodyne  phase  detection  is  used  to  determine  the 
electron  density  ll6l.  This  technique  provides  high  sensi¬ 
tivity  and  signal-to-noise  ratio  at  the  expense  of  time 
resolution.  The  sensitivity  for  this  setup  is  limited  by  the 
noise-equivalent-average  density  of  5x  lO'  cm  ,  with  a 
time  resolution  of  25  ns.  The  path  of  the  interferometer 
scene  beam  is  5  cm  from  the  collimator  exit  as  shown  in 

Fig-  .  .  ^ 

Data  from  a  typical  shot  are  shown  in  Fig.  3.  Current 
and  voltage  traces  in  the  diode  (Fig.  3(a)]  indicate  that  a 
50-ns-duration,  >  400-kA  ion  pulse  is  generated  with 
most  of  the  ions  in  the  range  of  1.0  to  1.2  MV.  Adjusting 


FIG.  3.  (a)  Ion-voltage  and  ion-current  traces  in  the  diode 
and  (b)  time-of- flight  shifted  ion  current  compared  with  mea- 
sured  net-current  and  visible-light  traces. 


this  pulse  for  proton  time  of  flight  results  in  the  ion- 
current  pulse  in  Fig.  3(b)  in  the  transport  region.  This 
pulse  includes  only  protons  above  the  460-keV  thick- 
target  carbon-activation  threshold  and  is  normalized  to 
the  number  of  protons  determined  from  this  activation. 
This  pulse  duration  is  evaluated  for  each  shot  to  deter¬ 
mine  the  average  proton  current  in  the  transport  region. 
The  net-current  trace  and  the  visible-light  emission  begin 
when  the  ion  beam  reaches  the  transport  region. 

The  energy  spectrum  of  the  proton  beam  is  measured 
in  1-Torr  air  with  a  carbon-activation  foil  stack  located  at 
170  cm  from  the  collimator  exit.  At  this  distance,  a  stack 
of  ten  2-/jm-thick  polycarbonate  foils  with  a  1.8-pm- 
Ihick  aluminum  cover  survives,  and  the'  '^N  activity  in 
each  foil  can  be  measured  after  the  shot.  A  foil  area  of 
124  cm^  is  used  to  provide  measurable  activity.  The  ac¬ 
tivity  in  each  foil,  produced  by  the  37-keV  FWHM 
'^C(p,r)'^N  resonance  at  460  keV,  is  unfolded  using 
the  range-energy  relation  for  protons  in  polycarbonate 
(C16H14O3)  to  give  the  solid  histogram  in  Fig.  4.  The 
width  of  each  step  in  this  histogram  corresponds  to  the 
energy  interval  over  which  protons  activate  that  foil  in 
the  stack.  This  spectrum  has  been  shifted  up  in  energy  to 
correct  for  energy  loss  in  the  aluminum  cover  on  the 
stack.  The  dashed  histogram  is  the  spectrum  determined 
from  the  diode  current  and  voltage  for  this  shot.  It  has 
been  shifted  down  in  energy  to  correct  for  energy  loss  in 
the  two  polycarbonate  foils  and  air  in  the  collimator  and 
transport  regions.  Note  the  400 x  difference  in  these  Iwc 
scales.  The  spectral  intensity  in  the  transport  region  i^ 
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FIG.  4.  Histograms  of  proton  number  vs  proton  energy  in 
the  transport  region  deduced  from  stacked-foil  activations 
(solid)  and  from  the  diode  current  and  voltage  (dashed).  Aver¬ 
age  energies  for  these  histograms  are  indicated. 


only  a  small  fraction  of  that  in  the  diode  and  corresponds 
to  somewhat  lower-energy  protons.  Average  energies  for 
these  two  spectra  differ  by  about  100  keV.  Since  most  of 
the  protons  have  energies  less  than  1  MeV  and  the  deute- 
ron  fraction  in  the  beam  is  unknown,  no  correction  is 
made  for  carbon  activation  by  deuterons  [14]. 

Simulations  using  a  ray-trace  code  and  a  diode  model 
1 17]  for  the  pinch-reflex  diode  have  been  carried  out  to 
calculate  beam  transport  through  the  collimator  and  into 
the  transport  section.  Experimental  diode  voltage  and 
current  wave  forms  and  a  beam  microdivergence  of  125 
mrad  at  the  anode  were  used  to  generate  the  time- 
dependent  ion  distribution  function.  Complete  charge 
and  current  neutralization  of  the  beam  are  assumed  and 
ion  energies  are  corrected  for  losses  in  the  foils  and  gas. 
Ions  which  hit  aperture  plates  or  walls  are  removed  from 
the  simulation.  Results  predict  beam  currents,  radial 
density  profiles,  and  divergences  which  agree  with  those 
observed  in  the  transport  region.  The  predicted  energy 
spectrum,  however,  agrees  with  the  dashed  curve  in  Fig.  4 
rather  than  the  measured  spectrum  (solid  curve).  An 
electric  field  induced  at  the  beam  front  by  a  rising  net 
current  could  explain  the  lower  energy  of  the  measured 
spectrum.  Higher-energy  ions,  which  reside  at  the  beam 
head,  would  be  slowed  by  this  induced  field.  Because 
complete  current  neutralization  is  assumed,  this  energy 
loss  is  precluded  in  the  simulations.  If  this  is  the  correct 
explanation  for  the  observed  energy  spectrum,  the  down¬ 
shift  would  be  considerably  less  at  the  collimator  exit 
than  at  170  cm  downstream  where  the  measurement  was 
made. 

Net  currents  and  electron  densities  were  measured  for 
helium,  neon,  and  air  at  pressures  ranging  from  0.25  to  4 
Torr.  Peak  values  of  these  measurements  are  given  in 
Table  1.  From  shot  to  shot  the  average  current  of  the  in¬ 
cident  proton  beam  ranged  from  about  5  to  7  kA  corre¬ 
sponding  to  current  densities  of  about  0.7  to  1  kA/cm  at 


TABLE  1.  Net  current  and  electron  density  measurements. 


Gas 

Pressure 

(Torr) 

Proton 

current 

(kA) 

Peak  net 

current 

(kA) 

Electron 
density 
(10*^  cm  ”^) 

Ne 

0.34 

4.5 

O.II 

I.O 

6.3 

0.20 

1.6 

1.25 

6.4 

0.22 

4.0 

4.6 

0.17 

2.6 

Air 

0.25 

4.8 

0.18 

1.0 

6.9 

0.21 

0.9 

4,0 

5.5 

0.28 

1.8 

He 

0.25 

6.2 

0.31 

1.0 

6.8 

0.32 

0.7 

4.0 

5.9 

0.47 

1.5 

the  collimator  exit.  Net  current  wave  forms  from  the 
dBldt  monitor  have  current  rise  times  of  15  to  50  ns  and 
decay  times  of  several  hundred  ns.  The  uncertainly  in  the 
peak  net  currents  is  estimated  to  be  +10%,  Net-current 
fractions  range  from  2.3%  to  8.0%.  The  local  electron 
density  is  obtained  by  dividing  the  interferometrically 
measured  line  density  by  the  3-cm  beam  diameter.  Peak 
electron  densities  are  of  order  10*^  cm“^  and  correspond 
to  ionization  fractions  of  0.6%  to  4.6%.  For  0,25-Torr 
gas  pressure,  electron  densities  are  too  small  to  be  mea¬ 
sured.  Negligible  line  density  (less  than  the  instrument 
sensitivity)  was  observed  when  the  scene  beam  was  locat¬ 
ed  about  1.5  cm  off  center,  indicating  that  ionization  is 
largely  confined  to  the  beam  diameter. 

DYNAPROP  and  IPROP  simulations  were  carried  out  to 
evaluate  beam-induced  net  currents  and  electron  densities 
in  helium.  DYNAPROP  is  a  1 D  code  which  uses  a  resistive 
model  to  treat  plasmas  created  by  beam  interaction  with 
high-density  collisional  gases.  Beam  dynamics  is  de¬ 
scribed  by  envelope  and  emittance  equations;  the  plasma 
density,  temperature,  and  conductivity  are  determined  by 
rate  equations;  and  the  net  current  is  calculated  with  a 
circuit  equation.  IPROP  is  a  3D  hybrid  code  which  treats 
beam  ions  and  fast  electrons  (above  100  eV)  as  particles. 
The  remaining  electrons  are  treated  as  a  resistive  medi¬ 
um,  while  plasma  ions  are  represented  as  a  stationary 
background.  Rate  equations  are  used  to  create  electron- 
ion  pairs  and  Maxwell’s  equations  are  used  to  solve  for 
the  fields.  Because  azimuthal  symmetry  is  assumed, 
IPROP  was  used  in  2y  D  mode. 

Results  are  compared  with  the  measurements  in  Table 
11.  For  all  three  pressures,  IPROP  predicts  a  net  current 
inside  the  dBldt  probe  (r=4  cm)  that  is  within  30%  of 
the  measured  value.  However,  IPROP  predicts  a  net 
current  within  the  1.5-cm  beam  radius  that  is  a  factor  of 
3  larger  than  the  measured  values.  DYNAPROP  calculates 
the  effective  net  current  (a  radially  averaged  current 
weighted  by  the  beam  current  density),  which  is  predict¬ 
ed  to  be  somewhat  larger  than  the  IPROP  current  within 
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TABLE  ll. 

Comparisons  with  theory  for  helium. 

Pressure 

(Torr) 

Net  currents  (kA) 
Measured  IPROP  IPROP 

(r~4cm)  (r~4cm)  (r“1.5cm) 

dynaprop 
(r^  1.5  cm) 

Electron  densities  (10*^  cm 
Measured  IPROP  iprop 

(line  average)  (r—0)  (r  =  l.5cm) 

dynaprop 

(r=0) 

0,25 

1.0 

4.0  ,  V 

0.31  0.31 

0.32  0.39 

0.47  0.63 

0.9 

l.O 

1.6 

1.3 

1.5 

2.1 

0.7 

1.5 

0.2 

1.0 

3.2 

0.2 

0.6 

1,8 

0.2 

0.7 

1.9 

the  beam  radius.  The  small  net  current  at  the  probe  loca¬ 
tion  observed  in  IPROP  is  a  consequence  of  fast  electrons 
carrying  a  significant  fraction  of  the  return  current  in  a 
halo  outside  the  beam.  These  electrons  create  additional 
ionization  at'large  radius  which  contributes  to  the  return 
current.  These  comparisons  suggest  that  fast  electrons 
plaj)  an  important  role  in  return-current  conduction,  and 
that  the  magnetic  field  within  the  beam  channel  is  larger 
than  that  measured  outside  the  beam  envelope.  An 
effective  net-current  fraction  of  about  25%  m  the  ray- 
trace  calculations  mentioned  earlier  would  be  required  to 
down-shift  the  high  energy  edge  of  the  calculated  spec¬ 
trum  to  match  the  solid  histogram  in  Fig.  4.  This  Inac¬ 
tion  is  consistent  with  IPROP  and  dynaprop  predictions 
within  the  beam.  Both  IPROP  and  DYNAPROP  predict 
electron  densities  that  are  in  reasonable  agreement  with 
the  measured  values. 

In  summary,  1-MeV,  1-kA/cm^  proton  beams  have 
been  transported  through  helium,  neon,  and  air  at  pres¬ 
sures  of  0.25  to  4  Torn  Small  net  current  fractions  of  2% 
to  8%,  are  measured  outside  the  beam  channel.  Ioniza¬ 
tion  is  confined  predominantly  to  the  beam  channel  where 
ionization  fractions  are  only  a  few  percent.  Analysis  of 
the  beam  energy  spectrum  after  transport  suggests  that 
larger  effective  net  currents  exist  inside  the  beam  chan¬ 
nel.  Similarly,  IPROP  and  DYNAPROP  calculations  predict 
net  currents  in  the  beam  channel  3  to  5  times  larger  than 
measured  net  currents.  Outside  the  beam  channel,  IPROP 
predicts  small  net  currents  in  agreement  with  measure¬ 
ments.  Fast  electrons  and  their  secondaries  carry  a 
significant  fraction  of  the  return  current  outside  the  beam 
(although  their  density  is  low  compared  with  the  plasma 
electron  density  within  the  beam  channel).  More  exten¬ 
sive  experiments  and  modeling  are  required  to  develop 
sufficient  understanding  of  beam-induced  gas  ionization 
and  conductivity  growth  in  this  pressure  regime  to  con- 
fidently  scale  results  tQ  ICF  scenarios. 

The  expert  assistance  of  J.  R-  Boiler  and  B.  Roberts  in 
supporting  these  experiments  is  appreciated.  This  work 
was  supported  by  the  U.S.  Department  of  Energy 
through  Sandia  National  Laboratories. 


[Il  D  Mosher  el  al.,  in  Proceedings  of  the  Eighth  Interna¬ 
tional  Conference  on  High-Power  Particle  Beams,  edited 
by  B.  N.  Breizman  and  B.  A.  Knyazev  (World  Scientific, 
Singapore,  1991),  p.  26. 

[2]  C  L.  Olson,  J.  Fusion  Energy  I,  309  (1982). 

(31  Proceedings  of  the  Conference  on  Heavy  Ion  Inertial 
Fusion.  Washington.  DC.  1986,  AIP  Conf.  Proc  No.  152 
(American  Institute  of  Physics,  New  York,  1986). 

[4]  C.  L.  Olson,  in  Proceedings  of  the  1990  Linear  Accelera- 
tor  Conference.  Albuquerque.  New  Mexico.  September 
1990  (LANL  Report  No.  LA-12004-C),  p.  396. 

I5l  J.  A.  Swegle  and  S.  A.  Slutz,  J.  Appl.  Phys.  60,  3444 

'  ■  (1986).  . 

I6l  D.  J.  Johnson  et  al.,  J.  Appl.  Phys.  58.  12  (1985). 

[7]  C  L  Olson,  in  Proceedings  of  the  1991  IEEE  Conference 
on  Plasma  Science.  Williamsburg.  Virginia.  June  1991. 
IEEE  Conference  Records- Abstracts,  edited  by  K. 
Schoenbach  (IEEE,  New  York,  1992),  p.  165. 

18]  E.  P.  Lee  et  al.,  Phys.  Fluids  23,  2095  (1980). 

[9]  P.  F.  Ottinger,  D.  V.  Rose,  J.  M.  Neri,  and  C.  L.  Olson,  J. 
Appl.  Phys.  72,  395  (1992). 

[101  R  F.  Hubbard,  S.  A.  Goldstein,  and  D.  Tidman  in 
Proceedings  of  the  Heavy  Ion  Beam  Fusion  Workshop. 

Berkeley.  California.  1979,  edited  by  W.  B.  Her- 
^  /t  _  I  oKnrufnrv  ReDOfl  NO. 


LBL-10301,  1980),  p.  488. 

ll  See  R.  F.  Hubbard  et  al.,  NRL  Memorandum  Report 
No.  7112,  1992  (National  Technical  Information  Service 
Document  No.  ADA256070).  Copies  may  be  ordered 
from  the  National  Technical  Information  Service, 
Springfield,  VA  22161.  The  price  is  $17.50  plus  a  $3.00 
handling  fee.  All  orders  must  be  prepaid. 

2]  B.  B.  Godfrey  and  D.  R.  Welch,  in  Proceedings  of  the 

Twelfth  Conference  on  Numerical  Simulations  of  Plas¬ 
mas  (Lawrence  Livermore  National  Laboratory,  San 
Francisco,  CA,  1987),  Paper  CM  1.  ,<.,■>  nm/:'! 

3]  S.  J.  Slephanakis  et  al.,  Phys.  Rev.  Lett.  37.  1543  (1976). 


Inslrum.  48,  432  (1977).  „  •  i 

[15l  A.  E.  Blaugrund  and  S.  J.  Slephanakis,  Rev,  Sci.  Inslrum. 

49,866  (1978).  ^  . 

[I6l  B.  V.  Weber  and  D.  D.  Hinshelwood,  Rev.  Sci.  Inslrum. 

63,5199  (1992). 

(17)  J.  M.  Neri  et  al.,  Phys.  Fluids  B  5,  176  (1993). 


2576 


Interaction  of  intense  MeV  lighMon  beams  with  low-pressure  gases* 

F.  C.  Young  R.  F.  Hubbard,  M.  Lampe,  J.  M.  Neri,  P.  F.  Ottinger,  S.  J.  Stephanakis, 
and  S.  P.  Slinker 

Plasma  Physics  Division,  Naval  Research  Laboratory,  Washington,  D.C  20375 

D.  D.  Hinshelwood  and  D.  V.  Rose 

JAYCOR,  Inc,  Vienna,  Virginia  22182 

C.  L  Olson 

Sandia  National  Laboratories,  Albuquerque,  New  Mexico  87165 

D.  R.  Welch 

Mission  Research  Corporation,  Albuquerque,  New  Mexico  87106 
(Received  3  November  1993;  accepted  20  January  1994) 

The  interaction  of  intense  proton  beams  with  low-pressure  (0.25  to  4  Ton)  background  gases  is 
studied  to  evaluate  beam-cuncnt  neutralization  during  transport.  Electrons  to  neutralize  the 
beam  are  provided  by  beam-induced  ionization  of  the  gas.  In  experiments  with  1  MeV,  1 
kA/cm^  protons,  net  cuncnts  outside  the  beam  envelope  and  electron  densities  within  the  beam 
envelope  are  measured  for  helium,  neon,  argon,  and  air.  Net-cunent  fractions  are  2%  to  8%  and 
ionization  fractions  are  0.6%  to  5%  for  5  to  7  kA  beams.  Simulations  of  the  experiments  for 
helium  and  argon  suggest  that  fast  electrons  play  an  important  role  in  generating  a  significant 
fraction  of  the  return  current  in  a  halo  outside  the  beam.  As  a  result,  net  currents  inside  the 
beam  may  be  larger  than  inferred  from  magnetic-field  measurements  outside  the  beam.  Ions  at 
the  head  of  the  beam  are  observed  to  lose  more  energy  than  expected  from  collisional  energy 
losses  in  the  background  gas. 


\.  INTRODUCTION 

The  transport  of  intense  ion  beams  over  several  meters 
is  required  for  ion-driven  incrdal  confinement  fusion 
(ICF)  in  order  to  isolate  the  ion  source  from  the  target 
explosion.  This  standoff  also  allows  for  focusing  and  time- 
of-flight  (TOP)  bunching  of  the  ion  beam.  Several  ICF 
schemes  for  transporting  cither  light  ions**^  or  heavy  ions^^ 
envision  ballistic  transport  and  focusing  of  the  beam  m  a 
low  density  gas.  Rapid  ionization  of  the  gas  by  the  mtense 
beam  is  expected  to  form  a  background  plasma  with  a 
conductivity  sufficient  to  charge  and  current  neutralize  the 
beam  during  the  pulse  duration.^  Then,  the  ions  travel  in 
straight-line  paths  through  the  plasma  provided  there  arc 
no  external  fields.  Complete  charge  neutrality  is  expected; 
however,  significant  net  currents  could  arise  which  would 
shift  and  possibly  degrade  the  beam  focal  spot.^’^  In  addi¬ 
tion,  the  plasma  conductivity  must  be  large  enough  to 
avoid  beam  filamentation  instabilities’"’  which  could  dis¬ 
rupt  the  tail  of  the  beam.  Ionization  of  the  gas  and  growth 
of  the  plasma  conductivity  result  from  collisional  energy 
deposition  and  impact  ionization  by  the  ion  beam,  second¬ 
ary  electron  impact  ionization,  electron  avalanching,  and 
late-time  Ohmic  heating. 

The  primary  light-ion  ICF  scheme  uses  ballistic  trans¬ 
port  with  solenoidal  lens  focusing  of  1  MA,  30  MeV,  40  ns 
lithium  beams.’’^°  A  typical  beam  current  density  before 
focusing  is  of  order  1  kA/cm’.  Helium  at  a  pressure  of  1 
Ton*  is  suggested  for  the  background  gas  to  satisfy  the 
above  requirements  on  conductivity  while  minimizing  col- 
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lisional  energy  loss  and  scattering  of  the  beam.  Transport 
in  this  1  Torr  regime  is  not  well  understood,  and  experi¬ 
ments  have  not  been  carried  out  to  investigate  beam- 
induced  gas  ionization  and  subsequent  conductivity  growth 
in  this  regime.  This  paper  reports  on  experiments  designed 
to  measure  net  currents  and  electron  densities  induced  by 
kA/cm’  proton  beams  in  various  gases  at  pressures  in  the 
range  from  0.25  to  4  Torr. 

This  pressure  range  falls  between  the  high-density  re¬ 
gime  treated  by  resistive  models  and  the  low-density  re¬ 
gime  treated  by  collisionless  models.  To  understand  this 
intermediate  regime,  additional  physics  must  be  consid¬ 
ered.  Fast  electrons  created  by  beam-ion  impact  ionization 
(i.e.,  knock-on  electrons**  or  delta  rays),  which  act  to  neu¬ 
tralize  the  ion  beam  current  could  be  important  for  intense 
beams.  Also,  runaway  electrons  can  result  from  high  elec¬ 
tric  fields  at  the  beam  front.  Fast  electrons  created  by  these 
processes  can  have  mean-free  paths  on  the  order  of  the 
beam  radius  leading  to  nonlocal  secondary  ionization.  Fi¬ 
nally,  a  significant  nonthermal  electron  population,  which 
persists  for  the  beam  pulse  duration,  can  alter  the  plasma 
conductivity.  Thus,  contributions  from  both  thermal  and 
fast  electrons  may  be  important  in  the  intermediate  regime. 
Modeling  of  the  present  experiments  has  been  carried  out 
with  the  codes,  DYNAPROP,*’  which  does  not  treat  fast- 
electron  effects,  and  IPROP,*^  which  incorporates  a  fast- 
electron  component.  The  experimental  results  arc  com¬ 
pared  with  predictions  from  these  two  codes  in  order  to 
quantify  the  importance  of  fast-electron  effects  in  this  in¬ 
termediate  regime.  Initial  results  of  this  research  have  been 
reported  recently  in  Ref.  14. 
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FIG.  1.  Experimental  arrangement  of  the  PRD,  the  collimator  region, 
and  the  transport  region. 

M  EXPERIMENT 

The  experimental  setup  is  divided  into  three  regions  as 
shown  in  Fig.  1.  The  ion  beam  is  generated  with  a  pinch- 
reflex  diode*^  (PRD)  on  the  Gamble  II  pulscd-powcr 
generator.*^  This  beam  is  injected  into  a  collimator  region 
to  produce  a  highly  directional  ‘‘cool”  beam.  After  the 
collimator,  the  beam  is  injected  into  a  transport  region 
where  its  interaction  with  different  gases  is  studied.  Each  of 
these  regions  is  identified  in  Fig.  1  and  described  below. 

A.  Ion  diode 

A  12  cm  diam  planar  PRD  with  a  polyethylene  anode 
foO  is  used  to  produce  an  intense  proton  beam  in  vacuum. 
Typical  ion  voltage  and  current  waveforms,  presented  in 
Fig.  2,  indicate  that  a  50  ns  duration,  >  400  kA  ion  pulse 
is  generated  with  most  of  the  protons  in  the  range  from  1.0 
to  1.2  MeV.  These  ions  are  weakly  focused  radially  in  the 
vacuum  gap  between  the  anode  and  a  2  fim  thick  polycar¬ 
bonate  foil  (Kimfol)  located  within  the  hollow  cathode  of 
the  PRD.*^  This  converging  ion  beam  passes  through  the 
1 1  cm  diam  Kimfol  and  free  streams  in  1  Torr  air  behind 
the  Kimfol  toward  the  entrance  of  the  collimator. 

B.  Coilimator 

The  collimator  is  used  to  reduce  the  beam  divergence 
prior  to  injection  into  the  transport  region.  It  consists  of 
two  3  cm  diam  apertures  separated  by  40  cm,  and  its  en¬ 
trance  is  located  5  cm  behind  the  Kimfol.  Less  than  10% 
of  the  beam  is  transmitted  through  thb  collimator  because 
the  beam  from  the  PRD  has  a  large  microdivcrgcnce  ( 125 
to  150  mrad).  The  collimator  region  is  maintained  at  1 
Torr  air  to  neutralize  the  ion  beam  for  clBcient  and  repro- 
dudble  injection  into  the  transport  region.  Protons  with 
current  densities  of  0.5  to  1  kA/cm^  exit  the  collimator 
through  another  2  fim  thick  Kimfol. 

C.  Transport  region 

In  the  transport  region,  the  interaction  of  the  beam 
with  different  gases  is  studied.  This  region  consists  of  a  15 
cm  Hiam  cylindrical  chamber  which  is  filled  with  helium, 
neon,  argon,  or  air  before  each  shot  Diagnostics  in  this 
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FIG.  1  lon-volugc  and  ion-current  traces  in  the  PRD. 

region  include  carbon  activation  to  determine  the  incident 
proton  intensity,  a  photodiode  to  measure  visible-light 
emission  from  the  gas,  dB/dt  monitors  to  record  net  cur¬ 
rents,  and  a  HcNe  interferometer  to  measure  electron  den¬ 
sity.  These  diagnostics  arc  illustrated  in  Fig.  1. 

The  diameter  and  uniformity  of  the  beam  m  the  trans¬ 
port  region  are  determined  with  an  array  of  diagnostics 
located  at  different  distances  from  the  exit  of  the  collima¬ 
tor.  Ion-induced  K-a  x-ray  images  are  obtained  from  alu¬ 
minum  targets  at  20  cra.*^  Damage  patterns  from  plastic 
witness  plates  arc  also  obtained  at  20  cm.  These  diagnostics 
indicate  that  in  traveling  20  cm  the  beam  increases  in  di¬ 
ameter  from  3  to  5  cm.  At  170  cm,  radiachromic  film**  is 
exposed  behind  6.4  fim  thick  aluminum.  For  this  measure¬ 
ment,  the  diameter  of  the  transport  region  at  30  cm  beyond 
the  collimator  exit  is  increased  from  1 5  to  50  cm  in  order 
to  allow  for  radial  expansion  of  the  beam.  A  radial  distri¬ 
bution  of  the  ion-beam  energy  obtained  from  radiachromic 
film  measurements  is  presented  in  Fig.  3.  This  profile  is 
smooth  and  exhibits  a  mild  asymmetry.  The  full  width  at 
half-maximum  (FWHM)  ( 19  cm)  of  this  distribution  cor¬ 
responds  to  a  beam  divergence  of  50  mrad,  and  its  full 
width  (28  cm)  corresponds  to  a  divergence  of  75  mrad. 
Measurements  with  all  of  these  diagnostics  indicate  a  beam 
divergence  of  50  mrad  with  a  penumbra  extending  to  75 
mrad.  This  divergence  is  consistent  with  the  collimator 
geometry.  There  is  no  evidence  of  beam  nonuniformities  in 
time-integrated  x-ray  images  or  radiachromic  film  expo¬ 
sures.  Also,  a  visible-light  image  recorded  5  cm  beyond  the 
collimator  exit  is  uniform  with  no  indication  of  any  fila¬ 
ments  or  structure  in  the  bcara.*^ 

The  beam  intensity  in  the  transport  region  is  measured 
by  carbon  activation.*^  A  salt  shaker  is  used  to  minimize 
blowoff  loss  of  radioactivity. A  5.4  cm  diam  salt  shaker 
located  20  cm  from  the  collimator  exit  samples  the  total 
ion  intensity.  Even  with  only  8.7%  transmission  into  the 
salt  shaker,  the  uncertainty  in  this  measurement  from 
counting  statistics  is  less  than  2%.  To  determine  the  pulse 
duration  at  the  salt  shaker,  current  and  voltage  traces  in 
the  diode  (e.g.,  sec  Fig.  2)  are  TOF  adjusted  and  corrected 
for  energy  losses  in  the  two  Kmfols  and  the  gas  between 
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FIG.  3.  Radial  distribution  of  the  ion  beam  energy  at  170  cm  from  the 
exit  of  the  collimator. 


the  diode  and  the  salt  shaker.  The  proton  current  in  the 
transport  region,  corresponding  to  the  traces  in  Fig.  2,  is 
shown  in  Fig.  4  along  with  net-current  and  visible-light 
measurements  for  this  shot  This  current  pulse  includes 
only  protons  above  the  460  keV  thick-target  carbon- 
activation  threshold  and  is  normalized  to  the  number  of 
protons  determined  from  this  activation.  This  pulse  dura¬ 
tion  increases  to  70  ns  due  to  TOF  dispersion  of  the  pro¬ 
tons.  The  pulse  duration  determined  in  this  way  is  com¬ 
bined  with  the  carbon-activation  measurement  for  each 
shot  to  evaluate  the  average  proton  current  in  the  transport 
region.  The  structure  of  the  ion  current  pulse  in  Fig,  4  is 
associated  with  small  variations  in  the  voltage  waveform 
and  may  not  be  real.  However,  higher  energy  ions  are 
shifted  to  the  front  of  the  beam  due  to  temporal  dispersion 
in  flight  from  the  diode  to  the  transport  region.  The  net 
current  and  the  visible-light  emission  begin  when  the  ion 
beam  reaches  the  transport  region,  as  indicated  in  Fig.  4. 
Net-current  measurements  for  different  gases  are  presented 
in  Sec,  III  B. 

III.  RESULTS 

A.  Ion  energy  measurements 

The  proton  energy  spectrum  at  170  cm  from  the  col¬ 
limator  exit  has  been  measured  with  a  carbon-activation 
foil  stack  and  has  been  compared  with  the  spectrum  ex¬ 
pected  from  measured  diode  current  and  voltage  traces.'^ 
The  average  proton  energy  in  the  transport  region  is  about 
100  keV  less  than  expected,  and  the  shape  of  the  spectrum 
suggests  that  the  higher  energy  portion  of  the  spectrum  has 
been  downshifted  by  200  to  300  keV. 

The  precision  of  these  carbon-activation  measurements 
is  limited  by  counting  statistics  of  radioactivity.  For  the 
measurements  in  Ref.  14,  these  uncertainties  range  from 
12%  to  18%  depending  on  the  intensity  of  the  activity 
induced  in  each  foil.  Attempts  to  field  this  diagnostic  closer 
to  the  collimator  exit  were  unsuccessful  because  the  foil 
stack  was  damaged  by  higher  energy-density  beams.  When 
the  beam  intensity  was  attenuated  with  screens,  the  foil 
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no.  4.  Ion-current  trace  from  Fig.  2  shifted  by  TOF  to  the  transport 
region  and  compared  with  net-current  and  visible-light  traces  recorded  on 
the  same  shot.  The  net  ctirrcnt  is  measured  at  11  cm  beyond  the  collima¬ 
tor,  while  the  ion  current  and  visible-light  traces  arc  at  3  cm. 


Stack  survived,  but  the  induced  activations  were  too  small 
to  provide  meaningful  spectral  measurements. 

Independent  measurements  of  the  ion  energy  in  the 
transport  region  were  carried  out  using  a  neutron 

TOF  technique.  For  these  measurements,  the  anode  is 
coated  with  deutcrated  polyethylene  (CD2)  to  produce  a 
beam  which  is  primarily  deuterons.  Neutrons  from  two 
CD2  targets  are  detected  with  a  scintillator-photomultiplier 
detector  located  3.8  m  from  the  collimator  exit  at  0*  to  the 
beam  direction.  This  detector  is  shielded  with  lead  to  at¬ 
tenuate  intense  bremsstrahlung  from  the  diode.  The  first 
CD2  target  is  a  3  cm  i.d.,  3  cm  wide  annulus  centered  on 
the  exit  aperture  at  the  collimator  exit,  while  the  second  is 
a  large-area  target  ( 15  cm  diam)  located  1.9  m  beyond  the 
collimator  exit  on  axis.  Target  thicknesses  of  0.8  to  1.0  fim 
arc  used  to  minimize  temporal  dispersion  of  the  neutrons 
due  to  deutcron  energy  loss  in  the  target. 

A  typical  TOF  signal  recorded  by  the  scintillator- 
photomultiplier  detector  is  presented  in  Fig.  5  along  with 
calculated  TOF  traces.  Neutrons  from  the  two  targets  arc 
separated  in  time  and  superimposed  on  the  tail  of  the  (sat¬ 
urated)  bremsstrahlung  pulse.  The  onset  of  each  neutron 
signal  is  compared  with  calculated  neutron  traces  based  on 
ion  current  and  voltage  traces.^*  The  neutron  onset  is  used 
for  this  comparison  because  it  represents  the  most  ener¬ 
getic  deuterons.  These  calculations  include  corrections  for 
deutcron  and  neutron  flight  times  and  for  dcuteron  energy 
loss  in  the  Kimfol  and  gas  between  the  diode  and  the  tar¬ 
get.  Also  a  correction  is  made  to  account  for  temporal 
dispersion  due  to  lead  shielding  on  the  detector.^  The 
magnitudes  of  the  calculated  signals  arc  scaled  to  be  com¬ 
parable  with  the  measured  signals.  Uncertainty  in  the  volt¬ 
age  of  ±7%  corresponds  to  flight-time  uncertainties  of 
±  4  ns  for  the  first  target  and  ±  10  ns  for  the  second 
target.  For  the  first  target,  the  calculated  signal  in  Fig.  5  is 
consistent  in  time  with  the  onset  of  the  measured  signal, 
while  the  calculated  signal  for  the  second  target  occurs 
about  40  ns  earlier  than  the  measured  signal.  This  discrep- 
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FIG.  5.  Neutron  TOF  trace  (solid  line)  for  d{d,n)  neutrons  measured 
with  two  CDj  targets  separated  by  1.9  m.  Calculated  neutron  TOF  traces 
(dashed  tines)  for  the  first  target,  the  second  target,  and  for  the  second 
target  with  2  kcY/cm  continous  ion  slowing, 

ancy  indicates  that  deuterons,  in  traveling  from  the  diode 
to  the  second  target,  lose  energy  in  addition  to  coUisional 
energy  losses.  This  downshifted  dcuteron  energy  is  insen¬ 
sitive  to  the  type  of  gas  or  its  pressure  in  the  transport 
region.  In  particular,  the  trace  in  Fig.  5  was  obtained  with 
1  Torr  air  in  the  transport  region,  but  similar  traces  were 
recorded  with  cither  0.25  Torr  neon  or  4  Torr  helium  in 
this  region. 

These  observations  support  the  speculation*^  that 
downshifted  ion  energies  may  result  from  electric  fields 
induced  at  the  front  of  the  beam  by  the  rising  net  current 
Fields  of  only  sr2  kV/cm  arc  sufficient  to  account  for  the 
observed  energy  loss  as  mdicated  by  the  trace  in  Fig.  5 
which  is  calculated  for  this  field  continously  slowing  the 
beam  from  the  diode  to  the  target.  In  this  case,  the  addi¬ 
tional  energy  loss  up  to  the  first  target  is  <  100  keV  and 
corresponds  to  a  only  a  4  ns  time  shift  of  the  calculated 
signal.  This  shift  is  within  the  uncertainty  in  fitting  the 
measured  first-target  signal  in  Fig.  5.  In  addition  to  in¬ 
duced  fields,  electric  fields  at  the  head  of  the  beam  may  also 
arise  from  space-charge  effects  and/or  from  large  plasma 
resistivity  early  in  the  beam  pulse.  These  effects  arc  being 
studied.. 

The  shapes  of  the  calculated  neutron  traces  can  also  be 
compared  with  the  measured  neutron  signals.  For  the  first 
target,  the  rise  time  and  duration  of  the  calculated  trace  are 
consistent  with  the  measured  signal.  For  the  second  target, 
the  duration  of  the  calculated  trace  agrees  with  the  mea¬ 
sured  signal,  but  the  measured  signal  has  a  significantly 
longer  rise  time.  The  increased  rise  time  is  consistent  with 
the  change  in  shape  of  the  ion  energy  spectrum  observed 
with  stacked-foil  activation. 

B.  Net-current  measurements 

Net  currents  were  measured  in  the  transport  region 
with  a  linear  array  of  three  dB/dt  monitors  located  at  5, 


1 1,  and  17  cm  from  the  collimator  exit  The  signals  from 
these  monitors  arc  electronically  integrated  in  order  to  re¬ 
duce  uncertainties  associated  with  baseline  drifts  that  arc 
encountered  when  measured  differential  signals  arc  com- 
putationaUy  integrated.  Each  dB/dt  loop  is  4  cm  in  axial 
length  by  2  cm  in  radial  extent  and  has  a  1  ns  time  re¬ 
sponse.  This  relatively  large  loop  area  is  required  to  pro¬ 
vide  adequate  sensitivity  in  the  integrated  mode.  The  inner 
edge  of  each  loop  is  3  cm  from  the  ion-beam  axis  and  just 
outside  the  ion-beam  envelope  to  give  maximum  sensitivity 
for  net  current  but  to  avoid  interference  with  the  ion  beam. 
The  monitors  are  mounted  on  a  dielectric  support  in  the 
transport  region  and  are  calibrated  absolutely  in  situ  with  a 
40  A  current  source. 

These  monitors  arc  sensitive  to  the  presence  of  nearby 
conducting  surfaces  or  electron  sources  which  can  perturb 
the  magnetic  field  associated  with  the  net  current.  For  ex¬ 
ample,  if  a  Kimfol  is  not  used  at  the  collimator  exit,  the 
monitor  at  5  cm  recorded  a  factor-of-2  less  current.  Similar 
variations  arc  observed  for  the  monitor  at  17  cm  if  the 
carbon  activation  diagnostic  at  20  cm  is  replaced  with  an 
aluminum  target  at  24  cm  for  K-a  x-ray  measurements.  In 
both  cases  the  net  current  recorded  by  the  11  cm  monitor 
is  not  altered  by  such  changes.  Therefore,  this  monitor  is 
used  for  net-current  measurements  reported  in  this  paper. 

Peak  values  of  the  net  currents  for  helium,  neon,  ar¬ 
gon,  and  air  are  given  in  Table  I  for  pressures  ranging  from 
0.25  to  4  Torr.  The  average  incident  proton  cunent  for 
each  shot  is  also  listed.  For  each  gas,  the  shots  are  selected 
to  maintain  nearly  constant  proton  current.  From  shot  to 
shot,  the  proton  current  ranges  from  about  5  to  7  kA  cor¬ 
responding  to  current  densities  of  about  0.7  to  I  kA/cm^  at 
the  collimator  exit  The  uncertainty  in  the  peak  net  current 
is  estimated  to  be  ±  10%.  Net-current  fractions  for  each 
shot  are  also  listed  in  Table  1.  These  fractions  range  from 
2%  to  8%  and  tend  to  increase  with  pressure.  These  frac¬ 
tions  are  smaller  for  neon  and  air  and  larger  for  helium  and 
argon. 

Net-current  waveforms  corresponding  to  the  values  in 
Table  I  arc  presented  in  Fig.  6.  These  waveforms  have  been 
corrected  for  the  1  /iS  integration  time  used  on  the  monitor. 
This  correction  is  minimal  (  <  5% )  at  peak  current,  but  b 
quite  large  toward  the  end  of  the  current  pulse.  For  each 
gas,  the  shape  of  the  current  docs  not  change  much  with 
pressure.  Current  rise  times  range  from  15  ns  for  air  to  50 
ns  for  argon.  Decay  times  arc  100  to  300  ns  for  helium  and 
argon,  but  much  longer  for  neon.  The  net  currents  increase 
with  the  incident  beam  current  until  the  plasma  conduc¬ 
tivity  becomes  sufficiently  large  to  provide  neutralization  of 
additional  beam  current,  and  the  net  current  becomes  fro¬ 
zen  in  the  plasma.  After  the  ion  beam  pulse  shuts  off,  the 
current  resbtivcly  decays.  Late  in  time  the  plasma  conduc¬ 
tivity  is  also  decreasing  as  suggested  by  the  decrease  in 
visible-light  emission  from  the  plasma.  The  temporal  evo¬ 
lution  of  these  currents  is  not  analyzed  in  thb  report.  For 
thb  initial  work,  we  focus  on  understanding  the  magnitude 
of  the  net  currents.  For  this  purpose,  peak  values  in  Table 
I  arc  compared  with  simulations. 
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TABLE  I.  Net  current  Jnd  electron  density  measurements. 


Proton 

Peak  net 

Net-current 

Electron 

Ionization 

Pressure 

current 

current 

fraction 

density 

fraction 

Gas 

(Torr) 

(kA) 

(kA) 

(%) 

(lO'Vcra^) 

(%) 

He 

0.25 

6.2 

0.31 

4.9 

1.0 

6.8 

0,32 

4.6 

0.5 

1,4 

4.0 

5.9 

0.47 

8.0 

1,5 

1.1 

Nc 

0.34 

4.5 

0.11 

2-3 

l.O 

6.3 

0.20 

3.2 

1.2 

3.4 

1.25 

6.4 

0.22 

3.4 

4.0 

4.6 

0.16 

3.5 

2.6 

1.8 

Ar 

0.25 

5.0 

0,17 

3.5 

1.0 

4.7 

0.35 

7.4 

l.l 

3.1 

4.0 

4.5 

0,23 

5.0 

6.2 

4.4 

Air 

0.25 

4.8 

0.18 

3.8 

1.0 

6.9 

0.21 

3.0 

0.9 

1.3 

4.0 

5.5 

0.27 

4.9 

1.8 

0.64 

C.  Electron-density  measurements 

A  HeNc  interferometer  with  heterodyne  phase  detec¬ 
tion  is  used  to  determine  electron  density.^  This  technique 
provides  high  sensitivity  and  signal-to-noisc  ratio  at  the 
expense  of  time  resolution.  The  sensitivity  for  this  setup  is 
limited  by  the  noise-cquivalent-average  density  of  5X 10^^ 
cm“^  with  a  time  resolution  of  20  ns.  The  path  of  the 
interferometer  scene  beam  is  5  cm  from  the  collimator  exit 
as  shown  in  Fig.  1.  The  local  electron  density  is  obtained 
by  dividing  the  interfcromctrically  measured  line  density 
by  the  3  cm  beam  diameter.  Negligible  line  density  (less 
than  the  measurement  sensitivity)  was  observed  when  the 
scene  beam  was  located  about  1.5  cm  off  center,  indicating 
that  ionization  is  largely  confined  to  the  beam  diameter. 

Electron  densities  unfolded  from  the  interferometer 
signals  are  shown  for  two  shots  in  Fig.  7.  Calculated  den¬ 
sities  based  on  ion-impact  ionization  arc  also  shown  for 
comparison.  Each  calculation  uses  the  TOP  shifted  ion- 
current  wave  shape,  the  proton  intensity  exiting  the  colli¬ 
mator  as  determined  by  carbon  activation,  and  the  ion- 
impact  ionization  cross  section. Reasonable  agreement 
between  calculation  and  experiment  is  obtained.  The  dif¬ 
ference  for  the  argon  shot  is  within  uncertainties  of  the 
electron-density  and  proton-intensity  measurements.  Mea¬ 
sured  electron  densities  agree  with  densities  calculated  for 
shots  with  helium,  neon,  or  argon  in  the  transport  region, 
for  shots  with  different  proton  mtensities,  and  for  shots 
with  either  1  Torr  or  4  Torr  pressure  in  the  transport 
region.  For  0.25  Torr  pressure,  the  electron  densities  are 
too  small  to  be  measured.  These  results  suggest  that  ion 
impact  is  the  dominant  ionization  mechanism  for  the  con¬ 
ditions  of  this  experiment.  The  resulting  ionization  frac¬ 
tions  are  only  a  few  percent  Peak  electron  densities  and 
ionization  fractions  are  listed  in  Table  I.  In  contrast  with 
the  current  measurements  in  Table  I,  these  densities  rep¬ 
resent  average  values  obtained  from  several  shots  at  each 
pressure  for  the  different  gases. 

IV.  SIMULATIONS  OF  THE  BEAM-PLASMA 
INTERACTION 

The  DYNAPROP*^  and  IPROp'^  codes  were  used  to  in¬ 
vestigate  beam-induced  gas  ionization.  These  codes  have 


FIG.  6.  Nct-currcnt  traces  for  (a)  helium,  (b)  neon,  (c)  argon,  and  (d) 
air  in  the  transport  region  at  pressures  ranging  from  0.25  to  4  Torr. 
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FIG.  7.  Electron  densities  for  4  Torr  helium  and  4  Torr  argon  in  the 
transport  region.  The  dashed  lines  are  calculations  based  on  ion>impact 
ionization  cross  sections. 

been  widely  used  to  model  electron  beams  with  currents 
comparable  to  this  experiment,  and  code  predictions  have 
agreed  reasonably  well  with  experimental  net  currents. 
DYNAPROP  is  a  1-D  code  which  uses  a  resistive  model  to 
treat  plasmas  created  by  beam  interactions  with  high- 
density  coUisional  gases.  Beam  dynamics  is  described  by 
envelope  and  emittance  equations;  the  plasma  density,  tem¬ 
perature,  and  conductivity  arc  determined  by  rate  equa¬ 
tions;  and  the  net  current  is  calculated  with  a  circuit  equa¬ 
tion.  DYNAPROP  calculates  the  effective  net  current  (a 
radially  averaged  current  weighted  by  the  ion-beam  cur¬ 
rent).  On  the  other  hand,  IPROP  is  a  3-D  hybrid  code 
which  treats  beam  ions  and  fast  electrons  (above  100  eV) 
as  particles.  The  remaining  electrons  arc  treated  as  a  resis¬ 
tive  medium.  Plasma  ions  arc  represented  as  a  stationary 


background  Rate  equations  arc  used  to  create  cicctron-ion 
pairs  and  Maxwell’s  equations  arc  used  to  solve  for  the 
fields. 

DYNAPROP  and  IPROP  simulations  were  run  to  model 
beam-induced  net  currents  and  electron  densities  in  helium 
using  the  transport- region  geometry  with  conducting  walls 
at  r—1,5  cm.  Results  arc  compared  with  the  measurements 
in  Table  II.  Electron  densities  predicted  by  both  codes  for 
helium  arc  in  agreement  with  measured  densities. 
DYNAPROP  predicts  effective  net  currents  four  to  five  times 
larger  than  observed  experimentally  at  r=4  cm.  IPROP  pre¬ 
dicts  somewhat  smaller  net  currents  within  1.5  cm  (i.c., 
net  current  within  the  beam  radius),  but  these  currents  are 
also  about  three  times  larger  than  the  measurements.  How¬ 
ever,  IPROP  with  fast  electrons  predicts  net  currents  within 
30%  of  the  measurements  at  the  radial  location  of  the 
dB/dt  monitor  (r=4  cm).  This  result  is  a  consequence  of 
the  fast  electrons  carrying  a  significant  fraction  of  the  re¬ 
turn  current  in  a  halo  outside  the  beam.  These  fast  elec¬ 
trons  create  additional  ionization  at  large  radius  which  also 
contributes  to  the  return  current. 

The  contribution  of  the  fast  electrons  in  the  IPROP  sim¬ 
ulations  for  neutralizing  ion-beam  current  is  important. 
With  mobile  fast  electrons  in  the  code,  the  electron  density 
increases  more  rapidly  initially  than  observed  with  a  pure 
fluid  model  of  the  plasma.  As  the  ion  beam  enters  neutral 
gas,  the  rising  net  current  induces  an  electric  field  which 
can  be  large  enough  to  cause  electrons  to  run  away.  How¬ 
ever,  the  space-charge  electric  field  ahead  of  the  beam  ef¬ 
fectively  prevents  these  electrons  from  outrunning  the 
beam.  Because  these  electrons  are  energetic,  traveling  at 
roughly  the  beam  velocity,  their  momentum  transfer  fre¬ 
quency  is  low  and  their  mean-free  path  is  comparable  to 
the  beam  radius.  Comparison  of  the  IPROP  simulations  in 
Fig.  8  indicates  that  fast  electrons  play  an  important  role  in 
rctum-cuiTcnt  conduction.  Also,  these  results  indicate  that 
the  magnetic  field  within  the  beam  channel  may  be  much 


TABLE  11.  Comparison  of  net  currtnts  uid  electron  densities  with  simulations. 


Gas 

Pressure 

(Torr) 

Net  current  (kA) 

Measured 
{r=4  cm) 

IPROP 
(r=4  cm) 

IPROP 

(r=  1.5  cm) 

DYNAPROP 
(rsr  1.5  cm) 

He 

0.25 

0.31 

0.31 

0.9 

1.3 

1.0 

0.32 

0.39 

1.0 

1.5 

4.0 

a47 

0.63 

1.6 

2.1 

Ar 

0.25 

0.17 

0.32 

0.9 

1.0 

0.35 

0.33 

1.1 

4.0 

0.23 

0.23 

1.8 

Dectron  density  (lO'Vcm^) 

Measured 

IPROP 

IPROP 

DYNAPROP 

(avenge) 

(r=0) 

(r=  1.5  cm) 

(r=0) 

He 

0.25 

0.2 

0.2 

0.2 

1.0 

0.7 

1,0 

0.6 

0.7 

4.0 

1.5 

3.2 

1.8 

1.9 

Ar 

0.25 

1.2 

0.7 

1.0 

l.l 

5.0 

3.2 

4.0 

6.2 

25.0 

30.0 
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larger  than  that  measured  outside  the  beam  envelope. 

IPROP  was  also  used  to  model  beam-induced  net  cur¬ 
rents  and  electron  densities  for  argon.  These  results  arc 
also  summarized  in  Table  11.  Again,  predicted  net  currents 
at  the  dB/dt  monitor  location  (r=4  cm)  are  in  good 
agreement  with  the  measurements  (with  the  exception  of 
the  0.25  Torr  case),  and  net  currents  at  the  beam  radius 
(r=  1.5  cm)  are  three  to  eight  times  larger  than  the  mea¬ 
surements.  However,  the  maximum  calculated  electron 
densities  arc  three  to  four  times  larger  than  the  values 
measured  for  argon.  This  disagreement  is  in  contrast  with 
the  good  agreement  obtained  for  helium.  Because  this  dis¬ 
crepancy  between  helium  and  argon  does  not  occur  for  the 
net-current  calculations,  it  is  suspected  that  the  plasma 
density  is  modeled  accurately  at  early  time,  but  that  late- 
time  effects  are  not  being  modeled  properly.  The  source  of 
this  discrepancy  for  electron  densities  in  argon  is  being 
investigated. 

V.  DISCUSSION 

Only  shots  with  relatively  constant  ion-beam  current 
are  included  in  Table  I.  However,  variations  of  the  average 
ion  current  of  up  to  a  factor  of  2  from  shot  to  shot  arc 
observed  in  the  experiment.  Within  this  variation,  little 
change  of  the  net-current  fraction  is  observed.  Also,  the  net 
currents  are  relatively  insensitive  to  the  gas  density  over 
the  range  of  this  experiment.  These  observations  arc  con¬ 
sistent  with  the  net  current  becoming  frozen  in  the  plasma 
early  in  the  pulse.  In  addition,  measured  electron  densities 
increase  with  incident  ion  current  and  with  gas  density  as 
expected  from  ion-impact  ionization.  The  net  currents  are 
sensitive  to  the  type  of  gas  with  larger  values  for  helium 
and  argon  and  smaller  values  for  neon  and  air. 

To  make  more  detailed  comparisons  of  the  net-current 
traces  with  results  from  the  simulations  requires  a  direct 
measurement  of  the  ion  current  in  the  transport  region.  In 
the  present  experiments,  only  the  average  proton  current  in 


FIG.  8.  Radial  distributions  of  net  currents  from  iPROP  simulations  for  I 
Torr  helium  with  and  without  fast  electrons.  The  currents  occur  70  ns 
after  injection  at  1 1  cm  into  the  transport  region.  The  square  point  at  4 
cm  radius  corresponds  to  the  measurement  in  Table  I.  The  circular  point 
at  1.5  cm  radius  corresponds  to  the  DYNAPROP  result  in  Table  II. 


this  region  was  measured.  A  variety  of  charge-collecting 
diagnostics  have  failed  to  provide  a  reliable  time-resolved 
measure  of  this  current  due  to  the  large  current  density 
(kA/cm^)  in  a  low-pressure  background  gas.  Initial  tests 
with  a  Rutherford  scattering  technique  to  time  resolve  the 
particle  current  scattered  from  a  high-atomic-number  tar¬ 
get  in  the  transport  region  are  promising.  Such  direct  ion- 
current  measurements  can  be  used  as  input  to  simulations 
to  make  time-resolved  comparisons  of  measured  net  cur¬ 
rents  and  electron  densities  with  simulations. 

Additional  exp)eriments  arc  required  to  address  two 
issues  identified  in  the  present  study.  Energy  losses  are 
observed  at  the  front  of  the  beam,  but  the  mechanism  caus¬ 
ing  this  energy  loss  is  not  understood.  The  IPROP  simula¬ 
tions  suggest  that  it  may  be  associated  with  larger  magnetic 
fields  and  induced  electric  fields  within  the  beam  envelope. 
Resistive  and  space-charge  electric  fields  also  may  slow  the 
head  of  the  beam,  and  space-charge  fields  may  cause  the 
beam  head  to  blow  up.  Ion  energy  spectrum  measurements 
(with  a  magnetic  spectrometer)  at  different  axial  locations 
in  the  transport  region  are  planned  to  address  this  issue. 
The  second  issue  is  to  determine  experimentally  if  the  net 
current  is  substantially  larger  within  the  beam  as  predicted 
by  IPROP.  Efforts  to  measure  magnetic  fields  (and  net  cur¬ 
rents)  within  the  beam  with  magnetic  probes  have  been 
unsuccessful.  New  novel  diagnostics  may  be  required  to 
make  such  measurements  within  the  beam  envelope. 

For  light-ion  ICF,  several  1  MA  level  beams  must  be 
transported  from  individual  diodes  to  the  target.  If  a  high 
degree  of  current  neutralization  can  be  achieved,  then  these 
beams  can  be  focused  and  transported  ballistically  in  a 
background  gas.  The  present  experimental  results  must  be 
scaled  to  higher  total  ion-beam  current  to  evaluate  this 
possibility.  For  larger  ion-beam  currents,  the  net-current 
fractions  should  be  smaller  than  in  the  present  experiment 
so  that  the  degree  of  current  neutralization  may  be  suffi¬ 
cient  to  allow  ballistic  transport  for  light-ion  ICF.  On  the 
other  hand,  if  further  experiments  establish  that  the  net 
current  will  be  large  enough  to  affect  ICF  transport,  proper 
system  design  can  compensate  for  this  effect  because  the 
net  current  acts  as  a  distributed  lens.  However,  this  re¬ 
quires  the  predictive  capability  being  developed  by  this 
work. 

In  summary,  intense  1  MeV,  1  kA/cm^  proton  beams 
have  been  transported  through  helium,  neon,  argon,  and 
air  at  pressures  in  the  range  of  0.25  to  4  Torr.  Small  net 
currents  (2%-8%)  have  been  measured  outside  the  beam 
channel.  Interferometric  measurements  across  the  channel 
indicate  that  these  gases  arc  only  weakly  ionized  (0.6%- 
5%)  and  that  the  ionization  is  confined  predominately  to 
the  beam  channel.  Electron  densities  predicted  by  both 
DYNAPROP  and  IPROP  simulations  are  consistent  with  the 
measured  densities  for  helium.  Simulations  which  include 
both  thermal  and  fast  electrons  ( IPROP)  predict  net  cur¬ 
rents  outside  the  beam  at  the  dB/dt  monitor  location 
which  agree  with  experiment.  In  these  simulations,  fast 
electrons  carry  a  significant  fraction  of  the  return  current 
at  the  beam  edge.  Simulations  with  both  codes,  however, 
predict  net  currents  at  the  beam  radius  that  arc  substan- 
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tially  larger  than  net  currents  measured  outside  the  beam. 
These  comparisons  indicate  that  simple  resistive  models 
are  inadequate  for  ion  beams  in  this  region.  Measurements 
of  ion  energies  after  transport  also  suggest  that  the  effective 
net  current  within  the  beam  channel  is  larger  than  the 
measured  current,  but  no  direct  measurement  of  this  effec¬ 
tive  current  has  been  made.  More  extensive  experiments 
and  modeling,  including  effects  of  fast  electrons  and  non¬ 
local  ionization,  are  required  to  develop  a  thorough  enough 
understanding  of  beam-induced  gas  ionization,  breakdown, 
and  conductivity  growth  in  this  pressure  regime  to  confi¬ 
dently  scale  results  to  light-ion  fusion  scenarios. 
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Summary.  —  Detailed  analysis,  experiments,  and  computer  simulations  are 
producing  a  new  understanding  of  gas  breakdown  during  intense  ion  beam  transport 
in  neutral  gas.  Charge  neutralization  of  beam  micro  clumps  is  shown  to  limit  the  net 
clump  potentals  to  a  non-zero  value  ^rain»  which  can  lead  to  divergence  growth  and 
axial  energy  spreading.  At  pressures  ^  1  Torr,  plasma  shielding  should 
substantially  reduce  this  effect.  Current  neuti^ization  has  been  studied  in 
experiments  on  the  GAMBLE  II  accelerator.  The  importance  of  fast  electrons 
(knock-ons  and  runaways)  has  been  established  in  IPROP  simulations,  which  are  in 
agreement  with  the  experiments.  For  light-ion  fusion  parameters  with  pressures 
^  1  Torr,  very  small  net  current  fractions  (« 1%)  appear  feasible,  permitting 
ballistic  transport  in  gas.  Self-pinched  transport  requires  higher  net  current 
fractions  (5  2%)  and  preliminary  IPROP  code  results  indicate  that  this  appears 
achievable  for  small-radius  intense  beams  in  lower-pressure  gases  (=$  1  Torr). 
Several  self-pinched  transport  concepts  look  promising.  The  importance  of  these 
results  for  both  light-ion  fusion  and  heavy-ion  fusion  is  discussed. 

PACS  28.50. Re  -  Fusion  reactors  and  thermonuclear  power  studies. 

PACS  52.40.Mj  -  Particle  beams  interactions  in  plasma  (including  intense  charged- 
particle  beams).  i  > 

PACS  52.25Jm  -  Ionization  of  plasmas. 

PACS  41.85Ja  -  Beam  trasport. 


(*)  Paper  presented  at  the  International  S3nmposium  on  Heavy  Ion  Inertial  Fusion,  Frascati, 
May  25-28,  1993. 

(**)  This  work  was  supported  by  the  U.S.  Department  of  Energy  under  Contract  No. 
DE-AC04-76DP00789. 
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1.  -  Introduction. 

The  propagation  of  an  intense  ion  beam  from  an  accelerator  to  a  fusion  target  plays 
an  important  role  in  the  feasibility  of  both  light-ion  fusion  (LIF)  and  heavy-ion  fusion 
(HIF).  Several  possible  ion  beam  propagation  modes  involve  transport  in  neutral 
gas  [1,2],  For  ballistic  propagation  in  gas,  it  is  generally  assumed  that  perfect  charge 
and  cuiient  neuti  alization  occur.  For  self-pinched  propagation  it  is  generally  desired 
that  a  sizeable  net  current  be  achieved.  This  paper  discusses  research  designed  to 
understand  gas  breakdown,  and  to  examine  fundamental  limits  on  charge 
neutralization  and  current  neutralization.  Based  on  GAMBLE  II  gas  breakdown 
experiments  and  IPROP  simulations,  a  new  understanding  of  gas  breakdown  is 
evolving  [3].  Results  summarized  here  suggest  that  both  ballistic  transport  and  self- 
pinched  transport  may  be  feasible  in  appropriate  parameter  regimes  for  LIF. 
Implications  of  these  results  for  HIF  are  also  discussed. 


2.  -  Charge  neutralization. 


For  transport  of  intense  ion  beams  in  neutral  gas,  it  is  generally  assumed  that 
charge  neutralization  is  perfect.  Complete  charge  neutralization  means  that  there  is  a 
neutralizing  background  of  electrons  with  density  e.xactly  equal  to  the  total  ion 
density  (beam  density  rij,  plus  background  ion  density  W;)  everywhere  in  space  and 
time.  In  reality,  there  may  be  deviations  from  perfect  charge  neutrality.  These  can  be 
referred  to  as  macro  or  micro  charge  non-neutrality.  Macro  charge  non-neutrality 
refers  to  global  charge  non-neutrality  which,  if  uniform,  leads  to  linear  spreading  of 
the  beam,  this  effect  can,  within  limits,  be  accommodated  for  by  initial  over-focusing 
■of  the  beam.  If  macro  charge  non-neutrality  is  non-uniform,  it  may  lead  to  serious 
distortions  of  the  beam.  Micro  charge  non-neutrality  refers  to  local  non-neutral 
clumps  in  the  beam,  that  can  produce  local  transverse  and  axial  spreading;  these 
effects  can  produce  emittance  increases  that  may  result  in  larger  spot  sizes.  In  this 
section,  we  examine  the  effects  of  micro  charge  non-neutrality. 

The  fundamental  concept  is  that  small  charge  clumps  can  only  be  charge 
neutralized  do\TO  to  some  minimum  potential  Such  charge  clumps  may  be 

produced  by  noise,  instabilities,  or  other  non-uniform  beam  effects.  Consider  first  the 
effects  of  electron  trapping  to  reduce  the  net  potential  (later,  we  will  consider  plasma 
shielding  effects).  Trappable  electrons  may  be  avaUable  from  walls,  hot  electron 
plasmas  (created  by  the  beam),  or  by  gas  ionization  near  the  bottom  of  the  potential 
well.  A  physical  picture  of  how  occurs  is  most  easily  seen  by  transforming  to  the 
moving  ion  clump  frame.  In  that  frame,  a  stationary  potential  well  of  depth  occurs. 
Electrons  bom  in  the  potential  well  (.e.g.,  by  gas  ionization)  will  have  a  velocity  —Vi 
and  kinetic  energy  where  Vj  is  the  original  ion  velocity  and  Wg  is  the 

electron  mass.'  Electrons  will  be  trapped  only  U  >  (1/2)  .  Therefore,  the  self- 

consistent  net  potential  will  not  be  reduced  below  =  {l/2)meV^.  (Detailed 
calculations  and  simulation  results  show  may  actuaUy  be  larger  by  a  factor  of 
1-4  [5].) 

If  there  are  no  other  neutralizing  mechanisms,  a  spherical  ion  charge  clump  of 
radius  ^  and  potential  will  simply  expand  to  a  radius  »L  The  resultant 

transverse  microdivergence  will  be  e^  =  [(mjMp)(ZjA)f^^  where  is  the  ion 
charge  state  durmg  transport,  Mp  is  the  proton  mass,  and  A  is  the  atomic  number. 
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Simultaneously,  the  resultant  axial  energy  spread  is  ^cu/cn  =  ±  The 
characteristic  clump  expansion  time  is  '  =  {2z/v\)/0,^  and  the  characteristic  transit 
length  is  L  =  2^10^.  These  results  are  based  solely  on  electron  trapping  arguments. 
The  effects  of  plasmas,  collisions,  and  an  external  magnetic  field  may  enhance  or 
reduce  these  results.  Typically  at  the  higher  gas  pressures  (1-10  Torr),  plasma 
shielding  should  reduce  these  results,  whereas  at  lower  pressures  (^0.1  Torr)  these 
results  may  have  significant  consequences. 

Computer  simulations  in  2D  with  plasma-to-bunch  density  ratios  of  0-100  have 
been  performed.  In  general,  wakes  form  and  rapid  oscillations  occur,  but  the  peak 
potential  is  still  -  and  the  peak  electric  fields  are  still  Emittance 

growth  and  axial  energy  spreading  are  observed  [4]. 

For  LIF  parameters  (electrical  current  density  Jj  =  5  kA/cm^  and  ^  =  Vj/c  ==  0.1 
corresponding  to  5MeVp  or  30MeVLi)  we  only  need  0.02  cm  and  a  clump 
electrical  current  ~9A  to  produce  =  l/2  77ieVi^  =  2.6keV.  The  basic  results 
predict  i)  no  dependence  of  0^  on  diode  voltage,  ii)  proton  0.^  -  ~  23mrad 

iii)  (non-protonic  ^  (proton  0^)  for  proton-contaminated  beams,  and  iv)  A£|i/£|i  = 
—  ±20 ±  4.6%.  The  characteristic  clump  expansion  time  is  t  —  0.6  ns  and  the  transit 
length  is  L  =  1.7  cm.  The  mechanism  could  easily  occur  in  the  « charge-neutral » 
region  inside  the  diode,  or  in  the  gas  transport  region.  Predictions  i)-iv)  are 
consistent  with  LIF  data.  It  should  be  noted  that  this  contribution  to  0^  would  add  in 
quadrature  with  other  contributions  to  0^,  To  fully  assess  this  mechanism  for  LIF, 
further  research  is  needed  {e,g.,  measurements  of  ion  source  micro-nonuniformities) 
to  evaluate  potential  micro  clump  levels. 

For  HIF  parameters  (particle  current  4  kA,  particle  current  density  J[  = 
=  12.7  A/cm^,  electrical  current  density  (assuming  =  40)  =  508  A/cm^,  Z  =  55, 

A  =  133,  and  p  =  0.3  corresponding  to  —  6  GeV  Cs),  we  would  need  ^^0.4  cm  and  a 
clump  electrical  current  —230  A  to  produce  =  1/2  mg =  23  keV.  Results 
predict  6^  =  12.7  mrad,  a  characteristic  clump  expansion  time  of  r  ~  7  ns,  and  a 
transit  length  of  L  =  63  cm.  Note  that  the  mechanism  for  LIF  occurs  on  a  microscale 
(f  —  sub  mm,  t  —  sub  ns,  L  —  cm),  whereas  for  HIF  it  occurs  on  a  macroscale 
(^  —  cm,  T  —  10  ns,  L  —  meter).  For  HIF  it  would  be  unlikely  to  have  a  high  level  of 
macro  ion  clumps,  because  the  beam  should  be  well  phase-mixed  by  the  time  it 
reaches  the  final  transport  region.  Also,  the  most  likely  instability  to  generate 
bunches  is  the  ion-electron  two-stream  instability,  and  this  has  been  shown  to  be 
benign  [6],  Thus,  for  HIF,  this  mechanism  does  not  appear  to  be  troublesome; 
however  this  conclusion  should  be  verified,  especially  for  the  lower  pressures 
(:^  10"^  Torr). 


3.  -  Current  neutralization. 

For  ballistic  transport  of  ion  beams  in  gas,  it  is  generally  desired  that  current 
neutralization  be  perfect.  Complete  current  neutralization  means  that  there  is  a 
neutralizing  background  electron  current  density  that  exactly  matches  the  ion 
beam  current  density  .  Overall,  the  net  current  is  =  /b  +  f p »  where  4  is  the 
beam  current  and  4  is  the  plasma  current.  To  achieve  a  small  1^^  means  that  the 
background  electrical  conductivity  o-  must  rise  quickly  so  that  4  »  4  Is  achieved  very 
early  in  the  beam  risetime  ( <  1  ns  typically).  Here  the  magnetic  diffusion  time  is  4  = 
=  47rarh/c^,  4  is  the  beam  pulse  length,  rh  is  the  beam  radius,  and  c  is  the  speed  of 
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The  physical  processes  inolved  in  gas  breakdown  and  the  growth  of  e  include  ion 
mpact  ■om^tion  secondary  electron  impact  ionisation,  electron  avalanching  and 

et r  bel  rr  n  "reTI'  ionisinfSsions 

momentum-changing  colhsls  be[ln®"bearr„s  ‘and  frr'’“L'rr,'r’'k 
collisions),  and  from  free  electron  acceleration  in  electric  fields  (avalanching)  "if  the 
1  Torr  pressure  repme  the  mean  free  path  between  collisions  can  be  of  the  order  of 
he  beam  radius;  hen  the  gas  breakdown  processes  are  «non-local..  and  thej  must  be 
followed  accurately  in  space  and  time.  ^ 

The  fmst  experiments  designed  to  study  beam-induced  gas  breakdown  and 

performed  on  the  GAMBLE  II  accelerator  at 
NRLISJ.  In  these  experiments,  a  1  MeV  proton  beam  produced  in  a  pinch  refli 
diode  IS  inject^  through  a  2ym  polycarbonate  foil  into  a  40  cm  long  c“ltaator 
^tion,  and  then  through  another  2  pm  polycarbonate  foil  into  an 
transport  SMtion.  The  collimator  section  has  entrance  and  exit  apertiir^of  15  cm 

which  i:  5,,"!,  exS^^e^tal  secPdn 

S™  “I'ii  hehum,  air,  or  neon  at  pressures  in  the  range  of  0,25-10  Torr 
Dm^ostics  mclude  c^bon  activation,  X.  X-ray  imaging  of  alLinum  pTets  a 
visiUe  hght  photodiode,  a  framing  camera,  net  current  B-dot  monitors  ^HeWe 
mterferometij  to  measure  electron  density,  and  diode  voltage  and  current  monitors 

corresponding  to  ionization  fractions  of  0.6%  to  4.6%. 

IPROP  and  DTOAPROP  simulations  were  performed  to  evaluate  net  currents 
and  e  ectron  densities.  IPROP  is  a  3D  EM  hybrid  code  [8],  Beam  ions  are  treated  a1 
prides  and  f^t  electrons  (>  100  eV)  are  also  treated  as  particles.  Slow  electrons 
(  100  eV)  ^e  treated  as  a  tensor  conductivity,  whUe  plasma  ions  are  treated  as  a 

statimary  background.  Maxwell’s  equations  are  used  to  solve  for  the  fields  The 

l^^^^k-ons  and  runaways)  are 
hrpatf  and  that  these  are  the  particles  responsible  for  non-local 

2  1/2  symmetry  was  assumed,  IPROP  was  used  in  a 

thP  hp?  w  ^  DYNAPROP  is  a  ID  code  based  on  a  resistive  plasma  model  in  which 
the  b^m  dynamics  are  described  by  an  envelope  equation  [9].  The  plasma  propIrtS 

(  ensity,  tmperature)  are  determined  by  rate  equations,  and  the  net  current  is 
calculated  from  a  circuit  equation.  currenc  is 

witf  IPROP  fnTDTOAProp""  ^  GAMBLE  II  experiments 

IPROP  and  DTOAPROP  predict  a  net  current  much  higher  than  that  observed  in  the 
experiment  by.  the  B^ot  monitor  at  r  =  4  cm.  By  including  fast  electrons  in  IPROP 
good  agreement  is  obtamed  with  the  experiments.  Note  that  fast  electrons  outside 
the  beam  ra^us  contnbute  significanUy  to  the  return  current,  so  that  the  net  current 
at  r  -  4  cm  IS  considerably  smaller  than  the  net  current  at  the  beam  radius  of  1 5  cm 
These  comp^ons  show  that  fast  electrons  and  non-local  effects  play  an  important 
role  m  gas  bre^down  and  that  the  magnetic  field  within  the  beam  channefcan  be 
larger  than  that  measured  outside  the  beam  channel. 

IPR()P  has  also  been  used  to  compare  with  net  current  measurements  for  the 
arrel  diode  geometiy  of  PBFA  II,  including  applied  magnetic  field  effects.  IPROP 
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Fig.  1.  -  Net  current  fraction  contained  within  a  given  radius  for  the  GAMBLE  II  experiments, 
IPROP21/2D  simulations,  and  DYNAPROP  ID  simulations  (1  MeV  p,  —  6kA,  ~  IkA/cm^, 
=  1.5  cm,  J5-dot  at  r  =  4  cm,  1  Torr  He). 


predicts  ^99.8%  neutralization  for  6  MeV  Li  ions  in  4  Torr  argon  on  PBFA  II.  It  is 
important  to  note  that  the  net  current  fraction  here  is  even  smaller  than  in  the 
GAMBLE  II  experiments  because  the  total  current  is  higher  (~1MA  instead  of 
--TkA),  the  ions  are  Li"^^  which  ionize  faster  than  protons,  and  the  gas  is  argon 
which  is  easier  to  ionize  than  helium. 

The  results  an  extremely  encouraging  and  suggest  that,  from  a  net  current  view 
point,  ballistic  transport  in  gest  appears  to  be  a  viable  option  for  both  LIF  and 
HIF. 

4.  -  Self-pinched  propagation. 

For  self-pinched  transport,  the  ion  beam  is  focused  down  to  a  small  radius  and 
then  transported  at  small  radius  to  the  target.  The  ion  beam  is  contained  by  the  net 
self  magnetic  field.  Different  versions  of  this  mode  use,  e.g,,  a  low-pressure  gas,  a 
laser  performed  channel  with  radius  larger  than  the  beam  radius,  an  annular 
preformed  plasma,  etc.  For  all  cases,  the  required  net  current  in  the  «channel»  is  /c  = 
=  1/2{R/T^f  where  R  is  the  initial  beam  radius,  is  the  channel  spot  radius,  is 
the  beam  microdivergence,  and  =  Py{AlZ)M^c^  je  is  the  Alfven  current.  Typic^y 
net  currents  of  about  50  kA  are  needed  for  LIF  beams,  and  somewhat  smaller  net 
currents  are  needed  for  pre-stripped  HIF  beams. 

The  strategy  for  LIF  is  to  note  that  for  typical  LMF  parameters  only  ~  2%  net 
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currents  are  needed  for  self-pinched  transport.  Since  many  parameters  control  the 
net  current  (beam  radius,  total  current,  ion  species,  gas  type,  gas  pressure,  etc.),  it  is 
conceivable  that  self-pinched  transport  may  work.  Past  work  at  LLNL,  LBL,  SNL, 
and  NRL  has  always  indicated  that  gas  breakdown  is  too  good  in  the  1  Torr  regime 
and  that  net  currents  are  too  small  for  self-pinched  transport  for  LIF  or  HIF. 
However,  by  going  to  lower  pressures,  and/or  by  using  a  special  laser  preformed 
plasma,  sufficiently  large  net  currents  may  be  achievable. 

Recent  IPROP  simulations  with  protons  indicate  that  sizeable  net  currents  should 
be  achievable  [10].  As  the  beam  intensity  increases  (50— »500  kA  3 -^0  75  cm 
radius)  and  the  pressure  decreases  below  1  Torr,  IPROP  simulations  show  a  trend 
toward  higher  net  current  fractions  in  the  range  of  1-12%.  A  different  self-pinched 
transport  scheme  uses  a  preformed  annular  plasma  (with  inner  radius  about  equal  to 

<0.1  Torr  gas.  For  a  50  kA,  45  MeV  proton  beam  in 
0.001  0.1  Torr  nitrogen,  IPROP  simulations  predict  net  current  fractions  of  10-40% 

for  this  annular  plasma  transport  scheme.  These  preliminary  results  are 
encouraging, 

5.  ~  Conclusions. 

T  research  has  produced  the  following  results  of  importance  to  both 

Lilr  and  HIr : 

1)  Charge  neutralization  of  beam  micro  clumps  will  be  limited  to  finite  values  of 
^min.  vvhich  can  lead  to  divergence  growth  and  axial  energy  spreading.  At  pressures 
^  1  Torr,  plasma  shielding  should  substantially  reduce  this  effect. 

•  injection  into  neutral  gas  has  been  studied 

m  the  Gi^BLE  II  experiments.  The  importance  of  fast  electrons  (knock-ons  and 
runaways)  has  been  established  in  IPROP  simulations,  which  are  in  agreement  with 
the  experiments.  For  LIF  parameters  with  pressures  ^  1  Torr,  very  small  net 
current  fractions  (« 1%)  appear  feasible,  permitting  ballistic  transport  in  gas. 

3)  Self-pinched  transport  requires  higher  net  current  fractions  (^2%)  and 
preliminary  IPROP  code  results  indicate  that  these  appear  achievable  for 
small-radius  intense  beams  in  lower-pressure  gases  (^  1  Torr).  Several  self-pinched 
transport  concepts  looks  promising. 
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Abstract 

The  ionization  of  gas  by  intense  (MeV,  kA/cm^)  ion  beams  is  investigated 
for  the  purpose  of  obtaining  scaling  relations  for  the  rate  of  rise  of  the  elec¬ 
tron  density,  temperature,  and  conductivity  of  the  resulting  plasma.  Various 
gases  including  He,  N,  and  Ar  at  pressures  of  order  1  torr  have  been  studied. 

The  model  is  local  and  assumes  a  drifting  Maxwellian  electron  distribution. 

In  the  limit  that  the  beam  to  gas  density  ratio  is  small,  the  initial  stage  of 
ionization  occurs  on  the  beam  impact  ionization  time  and  lasts  on  the  or¬ 
der  of  a  few  nanoseconds.  Thereafter,  ionization  of  neutrals  by  the  thermal 
electrons  dominates  electron  production.  The  electron  density  does  not  grow 
exponentially,  but  proceeds  linearly  on  a  fast  time-scale  ttk  =  U/{vf)P  dE/dx) 
associated  with  the  time  taken  for  the  beam  to  deposit  energy  U  into  the 
plasma  electrons,  where  U  is  the  ionization  potential  of  the  gas,  p  is  the  gas 
mass  density,  dE/dx  is  the  stopping  power,  and  v\y  is  the  beam  velocity.  This 
results  in  a  temperature  with  a  logarithmically  decreasing  time  dependence 
and  a  conductivity  with  a  linear  rise- time  proportional  to 
PACS  numbers:  52.25. Jm,  41.75.-i,  52.40.Mj 
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I.  INTRODUCTION 


The  transport,  of  intense  ion  beams  with  currents  near  or  above  the  Alfven  current 
requires  charge  and  current  neutralization.  This  is  typically  achieved  by  propagating  in  gas 
or  a  pre-formed  plasma.  For  propagation  in  gas,  provided  the  gas  density  is  larger  than  the 
beam  density,  rapid  ionization  by  the  beam  head  is  sufficient  for  charge  neutralization,  but 
not  necessarily  current  neutralization.  The  degree  to  which  current  neutrality  is  achieved  is 
a  function  of  the  risetime  of  the  local  plasma  conductivity,  which  in  turn  is  a  function  of  the 
electron  density  and  temperature.  It  is  important  then,  to  understand  how  gas  ionization 
scales  with  the  gas  and  beam  parameters  so  that  appropriate  environments  can  be  chosen  for 
systems  which  need  complete  current  neutrality  (e.g.,  ballistic  transport)  or  for  those  which 
rely  on  collective  effects  where  partial  neutralization  is  desired  (e.g.,  self-pinched  transport). 

The  physics  of  gas  breakdown  by  charged  particle  beams  is  an  active  area  of  research. 
Among  the  many  publications,  experimental  studies  of  plasma  production  and  neutralization 
for  electron  beam  transport  in  gas  have  been  reported  by  Hammer  and  Rostoker  [1],  Miller 
and  Gerardo  [2,3],  Stallings  and  Schneider  [4],  and  Haan  et  al.  [5].  Theoretical  modeling 
by  Swain  [6],  Olson  [7],  and  lyyengar  et  al.  [8-10]  are  also  of  note.  More  recently  work  by 
Gladyshev,  et  al.  [11]  and  Sanford  et  al.  [12]  have  been  reported. 

lon-beam-induced  breakdown  studies  by  Swegle  and  Slutz  [13],  Olson  and  Welch  [14,15], 
Hubbard  et  al.  [16]  and  Young  et  al.  [17,18],  have  been  conducted  in  the  context  of  ion  beam 
driven  inertial  confinement  fusion  (IGF).  Various  schemes  including  ballistic  transport  and 
solenoidal  lens  focusing  [19,20],  wire-guided  transport  [21],  self-pinched  transport  [22,23], 
and  z-discharge  transport  [24,25]  will  rely  on  background  plasma  to  maintain  partial  if 
not  complete  neutrality.  Although  empirical  studies  and  modeling  have  been  presented, 
analytic  scaling  relations  for  the  plasma  temperature  and  density  with  respect  to  beam  and 
gas  parameters  have  yet  to  be  developed  and  is,  therefore,  the  subject  of  this  paper.  The 
results  should  find  application  to  electron,  as  well  as  ion  beam  propagation  in  gas. 

In  experiments  at  the  Naval  Research  Laboratory  (NRL)  [17],  net  current  and  plasma 
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electron  inventory  were  measured  on  the  Gamble  II  accelerator  with  1  MeV,  1  kA/cm^  proton 
beams  impinging  various  gases  in  the  0.25  -  4  torr  pressure  regime.  The  measured  net-current 
fractions  outside  the  beam  envelope  were  within  2%  to  8%  and  ionization  fractions  within 
the  beam  envelope  were  within  0.6%  to  5%.  Plasma  production- with  similar  beam  and  gas 
parameters  is  studied  here.  In  particular,  attention  is  paid  to  systems  with  a  low  amount  of 
ionization  and  a  low  degree  of  beam  energy  loss.  In  this  case  various  simplifying  assumptions 
can  be  made  and  yet  the  essential  physics  of  ionization  can  be  maintained  such  that  scaling 
to  relevant  IGF  parameters  is  possible. 

For  the  above  parameters,  the  beam  velocity  and  density  are  Vb  ~  10®  cm/s  and  Ub  ~ 
3  X  10^®  cm“^,  respectively.  At  these  energies  and  densities,  beam  energy  loss  per  unit 
distance  traveled  is  small  (<  50  eV/cm)  and  one  can  consider  the  beam  impact  parameters 
to  remain  constant  throughout  the  pulse  duration.  On  the  other  hand,  plasma  electron 
densities  and  temperatures  are  changing  on  timescales  associated  with  the  instantaneous, 
time  dependent  collision  frequencies. 

For  10%  ionization  of  1  torr  He  with  an  electron  temperature  Tg  ~  10  eV  the  character¬ 
istic  collision  frequencies  are  ~  10®  s“^  and  the  thermal  equilibration  time  between  electrons 
and  ions  is  approximately  1  //s.  Since  beam  pulselengths  are  only  ~  40  ns,  it  is  expected 
that  the  energy  deposited  in  the  gas  will  be  absorbed  primarily  by  ionization  of  gas  neutrals 
and  stopping  by  the  free  electrons;  the  neutral  gas  and  plasma  ions  should  remain  cold.  In 
this  case,  only  the  plasma  electrons  obtain  enough  energy,  along  with  the  injected  beam 
ions,  to  contribute  to  ionization. 

In  a  classical  model  of  impact  ionization,  the  interaction  between  the  bombarding  particle 
and  the  target  particle  is  described  in  terms  of  binary  Goulomb  collisions  [26].  The  maximum 
cross-section  for  ionization  occurs  for  velocities  of  the  impact  particle  which  are  close  to  the 
velocities  of  the  orbital  electrons  of  the  target  atom.  For  1  MeV  protons  impinging  He,  the 
beam  energy  Eb  satisfies  Eb  »  MU /m.,  where  U  is  the  first  ionization  potential  25  eV 
for  He)  and  m  and  M  are  the  electron  and  beam  ion  masses,  respectively.  In  this  case, 
once  a  sufficient  population  of  thermal  electrons  is  created  they  become  more  efficient  at 
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ionization  than  the  beam  ions  because  their  velocities  are  more  closely  in  resonance  with 
those  of  the  bound  electrons.  The  time  rate  of  change  of  the  electron  density  primarily 
becomes  a  function  of  the  electron  temperature.  The  beam  provides  the  free  energy  to  heat 
the  plasma  electrons  to  temperatures  sufficient  for  ionization. 

During  breakdown  the  electrons  can  drive  an  ’’avalanche”  since  their  contribution  to 
the  contimied  ionization  of  the  g^  results  in  exponential  growth  of  the  electron  population 

t 

[27].  Exponential  growth  is  only  possible,  however,  when  the  electron  ionization  frequency 
is  constant  in  time.  This  is  generally  not  the  case  since  the  cross-section  is  a  function 
of  the  energy  distribution.  For  a  Maxwellian  plasma  the  distribution  is  a  function  of  the 
temperature  and,  therefore,  temporal  evolution  of  the  collision  frequency  is  determined  in 
part  by  the  time  dependence  of  the  temperature.  Indeed,  it  is  found  that  for  a  low  degree  of 
ionization  such  that  the  electron  (n^)  to  neutral  gas  (77.0)  density  ratio  satisfies  <  1, 

the  ionization  frequency  decreases  nearly  proportional  to  l/t,  resulting  in  a  density  which 
increases  nearly  linear  in  time.  This  in  turn  results  in  a  plasma  conductivity  growth  which 
is  also  secular. 

In  Sec.  II,  a  generic  model  of  gas  breakdown  is  presented  which  is  similar  to  previous 
models  [6-8,14].  We  are  primarily  concerned  with  systems  where  the  beam  density  satisfies 
57.6  <  77-0  such  that,  for  the  times  of  interest,  a  relatively  low  degree  of  ionization  occurs  and 
only  ground  state  ionization  of  the  gas  is  modeled.  In  Sec.  Ill,  truncations  of  the  model 
equations  and  scalings  for  the  electron  temperature  and  density  evolution  are  presented.  The 
results  are  then  used  to  predict  the  behavior  of  the  conductivity  and  estimate  net  currents 
in  Sec.  IV.  A  summary  of  the  anal5dic  relations  and  a  discussion  with  respect  to  ion-beam 
transport  experiments  is  presented  in  Sec.  V.  In  addition,  a  comparison  of  the  analytic 
results  to  numerical  integration  of  the  model  equations  is  also  included.  Conclusions  are 
presented  in  Sec.  VI. 
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II.  MODEL  EQUATIONS 


As  mentioned  in  the  introduction,  for  systems  with  a  low  degree  of  ionization  (ue/no  <C 
1),  beam  parameters  can  be  assumed  constant  and  only  the  first  ionization  state  of  the  gas 
need  be  considered.  In  this  instance,  the  plasma  electrons  remain  cool  (Tg  <  U)  and  effects 
due  to  thermal  radiation,  recombination,  and  multiple  ionization  are  negligible.  A  qualitative 
discussion  of  expected  trends  when  a  high  degree  of  ionization  occurs  is  presented  in  Sec. 
VI.  The  ion  beam  is  assumed  to  be  monoenergetic  with  constant  density  and  to  enter  the 
gas  charge  and  current  neutral.  Only  impact  ionization  by  the  beam  and  the  backgro\md 
electrons  is  modeled.  The  assumption  of  neutrality  frees  us  from  having  to  consider  the 
early  acceleration  of  electrons  due  to  space-charge  effects  and  inductive  electric  fields.  It 
is  expected  that  at  the  diode  where  the  beam  is  generated,  sufficient  co-moving  electrons 
(driven  by  just  such  fields)  will  be  drawn  from  the  surrounding  walls  into  the  beam  region 
and  provide  this  neutrality.  Additionally,  the  results  presented  here  are  valid  for  beams  with 
time  dependent  parameters  (e.g.,  energy  and  current)  when  the  time  rate  of  change  is  slow 
compared  to  the  timescales  of  ionization.  This  is  almost  always  the  case  since  ionization 
occurs  on  a  nanosecond  timescale  and  beam  pulselengths  are  an  order  of  magnitude  longer. 

The  rate  equation  for  the  electron  density  is 

dt  ~  te  U'  ^ 

where. 


-  =  (no  -  ne)  <  UgO-e  >, 

f'e 

1  =  (no  -  ne)vbab. 

h 


(2a) 

(2b) 


The  subscripts  e  and  b  refer  to  the  electron  and  beam  ions  respectively.  The  coefficients 
te,b  are  the  ionization  times  and  are  a  function  of  the  cross-sections  for  ionization  ae,b,  the 
velocity  of  the  ionizing  species  Ue,6,  and  the  background  neutral  population  {no  —  ne(t)). 
Here,  no  is  the  initial  gas  density.  The  symbol  <  . . .  >  denotes  the  ensemble  average  over 
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the  electron  distribution  which  is  assumed  to  be  a  drifting  Maxwellian  of  temperature 
with 


/  \  /9  /  7T1>  .  \  9  \ 

/e(Ve)  =  ^  -  Vd)  ), 


21; 


(3) 


where  the  drift  velocity  va  =  ZniyV^zIn^  is  obtained  from  the  assumption  of  ciirrent  neutral 
propagation.  The  beam  is  injected  in  the  z  direction  and  Z  is  the  beam  ion  charge  state. 
The  electron  temperature  in  Eq.  (3)  is  determined  by  calculating  the  energy  deposited 


by  the  beam  by  integration  of  the  stopping  power  less  that  expended  in  ionization  of  the  gas 


2 .  Zni 
3^  n. 


dE  77.e(0)., 

pvb—  dt-U{l - )J 


dx 


(4) 


where  dE/dx  (eV  cm^/g)  is  the  gas  stopping  power,  p  (g/cm^)  is  the  gas  mass  density,  and 
?7.e(0)  is  the  initial  electron  density.  The  ionization  cross-sections  Ce  and  crj,  are  calculated 
from  formulae  derived  by  Gryzinski  [26] 

=  (^)  9i{EJU).  (5a) 

7‘^hTTp'^ 

ab  =  Gi{m.Eb/MU) ,  (5b) 


where  Ee  is  the  bombarding  electron  energy,  e  is  the  electron  charge,  U  is  the  potential 
energy  for  single  ionization  of  the  gas,  and  b  is  the  number  of  electrons  occupying  the  outei 
shell  of  the  ground-state  atom  (e.g.,  6  =  2  for  He).  All  quantities  are  in  Guassian  units, 
except  energy  which  is  in  units  of  eV.  The  functions  gi{x)  and  Gi{x)  are  universal  functions 
characterizing  the  energy  dependence  of  the  cross-sections  and  are  defined  in  Appendix  A. 
A  plot  of  gi{E/U)  for  electron  ionization  is  shown  in  Fig.  (1).  Both  gi{x)  and  Gi{x)  are 
similar  in  structure,  rising  linearly  from  0  at  .t  =  1,  having  a  maximum  around  x  ~  4,  and 
decreasing  as  ln(a;)/3:  for  large  x. 

For  given  beam  parameters,  numerical  integration  of  Eqs.  (l)-(5)  with  the  initial  con¬ 
ditions  Te(0)  =  0  and  ne(0)  =  Zub  (corresponding  to  charge  neutral  injection)  gives  the 
temporal  evolution  of  the  density  and  temperature  of  the  electron  population.  Background 
plasma  ions  and  neutrals  are  assumed  immobile  on  the  timescales  of  interest  and  therefore, 
do  not  contribute  to  electron  production. 
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In  general,  the  coefficient  4  is  complicated  by  the  fact  that  there  ma\^  exist  seperate 
populations  of  electrons,  each  having  unique  cross-sections  for  interaction.  Indeed,  hybrid 
particle  in  cell  simulations  [15]  have  demonstrated  the  existence  of  a  non-thermal  component 
of  electrons  traveling  at  velocities  near  the  beam  velocity  for  a  large  portion  of  the  beam 
injection  phase.  However,  their  contribution  to  plasma  production  is  considerably  smaller 
than  the  cool  thermal  component  (see  Fig.  1).  This  is  due  to  their  decreased  cross-section 
at  higher  velocities  and  their  low  density.  Their  role  is  primarily  important  in  the  ionization 
of  gas  away  from  the  beam  since  their  mean  free  path  is  substantially  greater  1  cm)  than 
the  thermal  electrons.  This  creates  plasma  and  therefore  the  possibility  of  current  paths 
outside  of  the  beam  envelope.  Albeit  important,  such  non-local  behavior  is  beyond  the  scope 
of  this  paper  and  is  not  addressed. 


III.  DENSITY  AND  TEMPERATURE  EVOLUTION 

The  large  number  of  beam  and  gas  parameters  make  it  difficult  to  obtain  scaling  rela¬ 
tions  for  the  temporal  evolution  from  numerical  integration  of  Eqs.  (l)-(5).  It  is  useful  to 
consider  truncations  of  the  model  equations  to  develop  a  more  thorough  understanding  of 
the  dynamics.  First,  the  initial  stage  is  considered  where  beam  ions  and  co- moving  electrons 
contribute  to  ionization.  Then,  ionization  driven'  by  the  thermal  electrons  is  considered. 


A.  Initial  ionization  by  beam  ions  and  co-moving  electrons 


In  the  very  early  stages  of  ionization  the  ionization  fraction  is  low  enough  that  Ub  < 
no.  The  plasma  is  very  cool  and  only  the  beam  ions  and  co-moving  current  neutralizing 
electrons  contribute  to  the  ionization.  For  beam  (electron)  energies  satisfying  Eb  MU fm. 

{Ee  ^  U)  the  ionization  cross-sections  defined  in  Eqs.  (5)  are  approximately 

Sbire^  U 


CTp. 


o-b 


31/2 

MU 
3[/2  m.Eb' 


for  Ee  ^  U, 

for  mEb  MU. 


(6a) 

(6b) 
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In  determining  the  expressions  (6),  the  energy  dependent  part  of  the  In(.r)  terms  in  the 
functions  gi{x)  and  Gi{x)  (see  Eqs.  (A2)  and  (A4))  have  been  neglected  since  they  do 
not  greatly  affect  the  physics  and  it  allows  for  a  less  complicated  analysis.  However,  their 
contribution  has  been  considered  and  a  brief  discussion  is  presented  following  Eq.  (11). 

The  electron  drift  velocity  =  Zv-bV^/ne  >  sjTe/vi.  and  the  ionization  frequencies  in 
Eqs.  (2)  become 


4 

1 


nQGbVb 

^2 


n 


(— ) 


—  ~  iiQabVb. 
i-b 


(7a) 

(7b) 


The  electron  energy  Ee  =  m.vj/2  =  ni{ZnbVb/neY /2  has  been  used  to  determine  ae  in  Eq. 
(6a)  and  the  beam  ionization  frequency  4  is  assumed  constant.  Normalizing  the  density 


and  time  as  n  =  n^/Zub  and  r  =  tjtb  and  substituting  Eqs.  (7)  into  Eq.  (1),  the  electron 


density  evolves  according  to 


dn 

dr 


1 

l2 


+  1, 


(8) 


with  solution 


1  +  Ztan(r/Z) 
=  l-itan(yZ)' 


(9) 


for  the  initial  condition  n(0)  =  1.  Equation  (9)  demonstrates  a  very  rapid  production  of 
electrons  on  the  beam  impact  time  4. 

The  evolution  governed  by  Eq.  (8)  is  only  valid  for  times  when  the  electron  kinetic 
energy  is  greater  than  U,  implying  that  the  solution  (9)  only  applies  for 

Ue  <  Zubsfp,  (10) 


or  equivalently  for  times 

t<4Zarctan(^^^^^.  (11) 

The  parameter  /?  =  {rn.Eb/MU)  is  a  measure  of  the  beam  injection  velocity  relative  to  the 
orbital  velocity  of  the  bound  electron  in  the  gas.  For  injection  into  various  gases  (e.g.  He, 
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N,  and  Ar),  (3  ranges  from  ~  30  for  1  MeV  protons  to  ~  100  for  30  MeV  ions.  The 
arctangent  function  multiplying  4  in  Eq.  (11)  will  have  a  range  from  0.6  — >  1.0  and  is 
therefore  relatively  insensitive  to  the  beam  and  gas  parameters. 

One  can  show  that  by  retaining  the  logarithmic  terms  in  from  Eqs.  (2)  and  (A4), 
the  functional  multiplying  4  in  Eq.  (11)  has  a  ln(\/^)  dependence,  making  its  scaling  with 
P  even  weaker  than  the  arctangent  function.  It  is  concluded  then,  that,  even  with  more 
accurate  truncations  of  the  cross-sections  aefi,  the  very  initial  stages  of  ionization  will  last 
for  a  time  t  c:::!  tb  and  will  produce  a  density  ng  ~  Znb\/P-  Similar  arguments  have  been 
presented  by  Olson  [14],  After  a  time  4,  continued  ionization  is  primarily  accomplished  by 
electrons  in  the  tails  of  the  thermal  distribution. 


B.  Ionization  by  the  thermal  electrons 


Once  the  electron  density  is  larger  than  the  beam  density  by  the  factor  v^,  the  electron 
drift  energy  m.v\/2  is  small  and  rapidly  decreases  below  the  background  temperature  Tg.  In 
the  limit  Vd  (Tg/m)^/^  the  electron  ionization  frequency  (2a)  becomes 


(12) 


where 


3  {mhufi\  u 

‘  Z2  6.0d-rg/i7  tJ' 

(13a) 

(13b) 

U  3  \tthn  n  ) 

tth  =  U/{vbP  dE/dx). 

(13c) 

Here,  /  =  Zub/n^  is  the  ratio  of  the  beam-charge  to  initial-neutral  density  and  the  thermal 
time  tth  is  the  time  it  takes  the  beam  to  dump  energy  equal  to  the  ionization  potential 
into  the  gas.  For  the  parameters  assumed  in  this  work  /  <C  1.  The  weighting  function  for 
thermal  electron  induced  ionization  7(t),  is  obtained  by  considering  an  approximate  form 
of  Gryzinski’s  ionization  cross-section  [28]  and  integrating  <  tigcrg  >  over  the  Maxwellian 
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distribution  in  the  limit  >  v^.  Equation  (13b)  is  obtained  from  integration  of  Eq. 

(4),  assuming  dE/dx-,  ??,(,,  and  vi,  remain  constant  throughout  propagation.  Substituting  Eq. 
(12)  into  Ek}.  (1)  yields 

^  =  7(1 -/??.)??. -/n+ 1,  (14) 

ar 

for  the  normalized  variables.  The  first  term  on  the  right  hand  side  (rhs)  is  the  contribu- 

« 

tion  from  ionization  by  the  thermal  electrons,  the  other  terms  are  the  beam  contribution. 
Solutions  are  obtained  for  different  cases. 

1.  Solutions  for  constant  7 

For  a  constant  value  of  the  function  7,  closed  form  solutions  to  Eq.  (14)  are  easity 
obtained.  For  the  initial  condition  n{0)  =  V^,  corresponding  to  the  time  after  the  initial 
ionization  phase 

^/g  (7  +  /  -  (/  -  7)  tanh(^T))  +  2  tanh(:aJT) 

(7  +  /  +  (/-7  +  27/ V?)  tanh(7yT)) 

The  asymptotic  solution  of  Eq.  (15)  results  in  n  ^  1//  on  a  timescale  t  >  2th/ +  /). 

In  the  limit  [7,  (4^)"^/^]  »  /,  the  solution  (15)  becomes 

+  -)  exp(7r)  -  (16) 

7  7 

which  demonstrates  exponential  growth  on  a  timescale  t  =  th/j.  The  limit  /  — ^  0  implies 
an  infinite  supply  of  neutral  atoms  for  ionization.  Hence,  electron  growth  can  proceed 
unimpeded  on  a  timescale  established  by  the  temperature.  Note  that  in  the  limit  7  >  1,  the 
effect  of  beam  impact  ionization  is  negligible. 

Figure  2  shows  7//r,  vs  Te/U,  where  k  =  (3/Z^)(/?/7r)^/^.  The  maximum  value  at  Te/U  = 
10  corresponds  to  a  value  of  jmax  =  0.175k..  For  /3  in  the  range  30  100,  the  maximum 

growth  rate  will  not  exceed  ~  (1.5/Z‘^tb)  and  in  general  will  be  much  lower  since  we  are 
concerned  with  situations  where  Te/U  <1. 
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In  the  opposite  limit,  [/,  (4^0)  ^  7,  Eq.  (15)  is  completely  determined  by  beam 

impact  ionization: 

n{r)  =  {\/p-j)exp{-fT)  +  j.  (17) 

In  this  case,  the  electron  density  approaches  ??.o  on  the  timescale  t  =  (??,o/Z?ri)t(,  and  will 
grow  approximately  as  Ug  =  Zniyfftb  until  such  time. 

For  beam  injection  into  1  torr  of  gas,  /  =  Zub/n^  will  typically  be  of  order  ~  10“‘‘. 
According  to  Sec.  Ill  A,  directly  after  the  initial  ionization  phase  n  ~  and  r  ~  1  which 
implies  an  initial  temperature 

^  2  + Jl_  _ 

U  S\VPf-th  VP  )' 

The  ratio  (tb/tth.)  is  only  a  function  of  the  gas  parameters  and  for  He,  N,  and  Ar  is  in  the 
range  8  <  tb/tt.h  <  15.  For  P  =  30,  the  temperature  after  the  initial  ionization  will  be 
of  order  U  and  7  will  be  approximately  ~  0.5,  which  satisfies  7  ^  /.  Thus,  the  electron 
density  should  first  proceed  in  a  manner  similar  to  that  described  by  the  solution  (16).  In 
this  case,  according  to  Eq.  (13b)  the  temperature  will  decrease  as 

(  tb/ttkt 

U  3  \\/^exp(0.5T) 

However,  according  to  Eq.(13),  if  7  is  assumed  to  remain  constant  at  ~  0.5,  it  will  only  take 
a  time  6t  satisfying 

^exp(-0.5(5t)/4)  -  *^\[P 

tb  H 

for  the  electron  temperature  to  drop  near  zero,  such  that  7  becomes  less  than  /.  Beam 
injection  into  He,  for  example,  with  /?  =  30  yields  a  value  for  tthVP/h  of  0.7.  This 
implies  that  within  a  time  8t  ~  1.44^,  7  will  have  decreased  more  than  three  orders  of 
magnitude  from  0.5  to  10"'*.  According  to  Eq.  (13a)  and  Fig.  (2),  this  also  implies  a 
temperature  drop  from  Tg  ~  17  to  Tg  ~  17/10.  The  rapid  change  in  7  on  the  timescale  tb 
justifies  a  time-dependent  treatment  of  Eq.  (14). 
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2.  Solutions  with  time  dependent  7 


In  the  limit  n  «C  1//,  the  term  fn  in  the  electron  contribution  to  Eq.  (14)  can  be 
neglected  and  the  formal  solution  to  Eq.  (14)  is 

n(r)  =  /  dt  exp[A(r)  -  A(t)] +  n(0)exp[A(T)],  (18) 

■10 

where 

A(r)  =  dt  [nf{t)  -  f], 

and  7(r)  is  defined  in  Eq.  (13a).  The  form  of  the  solution  given  in  Eq.  (18)  is  misleading. 
Although  7(r)  depends  explicitly  on  time,  it  depends  implicitly  on  the  density  through  the 
temperature.  Hence,  Eq.  (14)  is  nonlinear  in  the  variable  n  even  in  the  limit  n  <  1//. 
Substituting  Eq.  (18)  into  Eq.  (13b)  for  the  temperature,  results  in  an  inhomogeneous, 
integral  (Volterra)  equation  for  A(r): 

[  dt  exp[-A(/.)] +77.(0)  =  ^^^^^^exp[-A(r)],  (19) 

./o 

where 

=  27 

a=—.  (20b) 

Uh 

The  coefficient  a  generally  satisfies  o;  »  1.  The  fimction  C(r)  is  bounded  below  by  C(r)  >  1.0 
since  the  plasma  temperature  cannot  become  less  than  zero.  One  also  expects  C(t)  <  2.5 
since  for  a  low  degree  of  ionization,  the  temperature  should  satisfy  Tg/U  <  1.  Making  the 
ansatz  that  C(r)  varies  adiabatically  such  that  (rC/C)  <  1,  Eq.  (19)  is  then  integrable  and 
yields 

A(r)  =  ln[(ar  +  n(0))(^-‘'/“)]  -  ln[r7,(0)].  (21) 

Substituting  Eq.  (21)  into  Eq.  (18)  yields 
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(22a) 


r  \  O!  —  C 

=  {22b) 

For  adiabatic  variations  of  C(t),  n  grows  linearly  in  time  with  slope  (a/C)  =  {f-b/Cta,)  '>  1. 
The  electron  distribution  adjusts  itself  such  that  when  the  beam  deposits  energy  U  into  the 
gas  via  collisional  stopping,  a  neutral  atom  is  ionized. 

According  to  Eq.  (22)  and  the  definition  of  7  given  in  Eq.  (13a),  the  temperature  must 
satisfy 


[a  -  ZTJ2U  -  1)(6.0  +  TJU) 
^.{Te/Uy/^  exp[-[//Te]  -  /(6.0  +  TJU) 


=  ar  +  ??.(0). 


In  the  limits  /  -C  Tg/t/  <  1  and  a  ;»  1,  a  rough  estimate  of  Te(r)  yields 


r.(T) 


ln[K.(a:r  +  7i.(0))/6a] 


A  check  on  the  accuracy  of  the  adiabatic  assumption  for  C(r)  is  obtained  from  Tg  with 


I  C  \  (ln[K.(Q!T  +  n(0))/6a:])^  +  3/2  ln[K.(Q:r  +  n(0))/6a] 
which  is  satisfied  for  r  »  (6/k).  For  the  parameters  of  interest  6/k.  <  1. 

In  the  static  solution  given  in  Eq.  (15),  the  density  begins  to  asymptote  to  its  maximum 
value  around  n  =  1/2/.  At  such  time,  electron  production  slows  down  and  the  temperature 
begins  to  rise.  Assuming  evolution  close  to  that  described  by  Elq.  (22),  one  can  estimate  a 
minimum  temperature  at  the  time  ar  +  n(0)  =  Cf2f  from  Elq.  (24)  and  the  definition  of  C. 
Expanding  the  logarithmic  terms  in  the  variable  T^/U  yields 

ifLtn  ~  3  (<1  +  (ln|,c/12a/])2’'^"  "  0  ' 


Table  I  gives  values  of  the  important  time  constants  4  and  tth  and  mimimum  temperatures 
for  various  gases  at  pressures  of  1  torr.  The  values  are  calculated  assuming  injection  of  a 
Gamble  II  parameter  beam  (1  MeV,  1.2  kA/cm^,  protons).  Also  presented  are  the  corre¬ 
sponding  times  for  injection  of  an  IGF  parameter  beam  (30  MeV,  5  kA/cm^,  Li"*"^)  into  1 
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torr  He.  Helium  gas  fill  has  been  chosen  for  IGF  since  it  minimizes  beam/ gas  scattering  and 
thus  reduces  beam  emittance  growth.  It  is  observed  that  (Te/t/),„,:n  —  0.15  for  the  various 
gases  and  pressures.  The  temperature  scales  weakly  with  the  density  and  stopping  power  of 
the  gas  and  is  primarily  determined  by  the  ionization  potential.  Note  that  the  Gamble  H 
ionization  times  for  injection  into  Ar  are  similar  to  injection  of  the  IGF  beam  into  He. 

Interestingly,  the  result  given  in  Eq.  (22)  could  have  been  obtained  by  assuming  uncon¬ 
strained  evolution  of  n  and  minimizing  the  energy  density  such  that 


d  ,3  ^ ,  3  9  dnd 


0. 


In  which  case,  upon  substitution  of  3??.Te/2  from  Eq.  (13),  one  finds  that  n  must  satisfy 
Eq.  (22)  with  C  =  1.  Hence,  although  the  density  must  rigorously  obey  Eq.  (14),  beca\ise 
systems  are  considered  where  <  77,o,  there  is  essentially  an  unlimited  supply  of  neutrals 
available  for  ionization  and  the  electron  dynamics  are  not  constrained.  This  continues  until 
their  population  approaches  the  available  neutral  population. 


IV.  PLASMA  CONDUCTIVITY  AND  NET  CURRENTS 

For  classical  diffusion  in  a  homogeneous,  isotropic  plasma,  the  net  current  is  determined 
by  the  scalar  resistivity  rj  [29] 

cM^en  +  l^ei)  ^26) 

^  47re277,e  ■  ^  ^ 

The  electron  collision  frequency  is  a  combination  of  elastic  scattering  with  gas  neutrals  i/gn 
and  Coulomb  collisions  with  ions  Ugi  where 

,rp  .  1/2 

Uen  =  (no  -  ne)1.2  X  IQ-V^  j  ,  (27a) 

Uei  =  2.9  X  10-®A7^eT-^/^  (27b) 

and  (T„,  is  the  neutral  collision  cross-section  (typically  of  order  5  x  10"^®  cm^),  A  is  the 
Coulomb  logarithim,  c  is  the  speed  of  light,  and  again  is  in  units  of  eV.  The  inelastic 
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component  of  electron  neutral  scattering  is  neglected  in  Eq.  (26)  since,  according  to  Eqs. 
(12)  and  (22)  in  the  limit  /  -Cl,  the  electron  ionization  frequency  satisfies 


a-C 


at +  tb' 


(28) 


which,  after  a  couple  nanoseconds  and  typical  values  of  a,  is  much  smaller  than  either  z/g,,. 

or  Uei- 

When  the  conditions  of  Sec.  Ill  are  valid,  the  electron  temperature  evolves  slowly  and  is 
nearly  constant  (of  order  U)  and  the  electron  density  evolves  linearly,  with  time  constant 
tth-  For  a  very  low  degree  of  ionization  (less  than  1%),  the  electron  neutral  collision  frequency 
u^n  dominates.  In  this  case,  the  resistivity  decreases  with  time  proportional  to  tthjt  since 
Uen  —  no  <  (T„,Ue  >  is  Constant  for  constant  temperature.  For  1%  ionization  of  1  torr  He,  the 
temperature  will  be  ~  8  eV  and  Ugn  ~  3  x  10®  s“^.  However,  once  the  electron  density  is  large 
such  that  Uei  >  z^en,  the  collisionality  will  be  density  dependent  and  hence,  the  resistivity 
should  asymptote  to  a  value  determined  by  the  temperature.  The  cross-over  from  neutral 
to  Coulomb  dominated  collisions  occurs  when  the  electron  density  becomes  larger  than  a 
critical  density  rz-ec  satisfying 


{no  -  nec) 


(29) 


For  ionization  of  He,  the  critical  density  is  (ngc/no)  =  0.04,  and  for  Ar  (zZecA^o)  —  0.017. 

From  the  definitions  (26)  and  (27),  the  resistivity  as  a  function  of  density  can  be  re¬ 
written  as 


,(0  =  2.9  X  10- 


47re2Te/^ 


ng 


Ay/m. 


(30) 


If  the  evolution  of  is  determined  by  Eq.  (22)  then  the  resistivity  evolves  according  to 


i)(f)  =  T)o  (l  -  ^  +  ^{iie(0)/Zni  +  (/i,k)  ') 


(31) 


where  rjo  ^  (2.9  x  10“®Ac®m./47re^Tg®/^).  The  resistivity  decreases  at  the  rate 

/  V 
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The  initial  value  of  the  resistivity  satisfies  r]i  =  77(0)  >  rjo- 

The  net  current  (beam  plus  plasma)  is  related  to  the  magnetic  field  via  Ampere’s  law. 
If  the  plasma  is  resistive  and  currents  are  onlj'  carried  by  the  electrons  then  for  a  one 
dimensional  Cartesian  system,  diffusion  of  the  y  component  of  the  magnetic  field  satisfies 

^ (32) 

where  is  the  2  component  of  beam  current  density.  The  time  dependent  solution  to  the 
Fourier  transformed  field  By  is 

By{k,  t)  =  dt!  t!)  exp  (A:^[C(^')  -  C(0])  >  (33) 

where 

C(()  =  j‘dt'  nit!)  =  ((1  -  (ll..c/no)  +  ’ 

k  is  the  transform  variable,  and  it  is  evident  that  By{k,  0)  =  0  in  accordance  with  the 
assumption  of  current  neutral  beam  injection.  For  a  beam  current  density  of  the  form 

jbz{k,t)  =  jbz{k)Q{t)  for  t  <  tp, 

where  ©(t)  is  the  step  function,  the  solution  to  Eq.  (33)  is 

B,(k,  <)  =  -|?  (1  -  exp  1-*:"C(()1)  for  «  <  ip.  (34) 

Three  parameters  determine  the  net  field  characteristics.  These  include  the  initial  and 
asymptotic  values  of  the  resistivity,  rji  and  770  respectively,  and  the  rate  of  decrease  of  77 
(determined  by  U)  relative  to  the  beam  pulselength  tp.  For  a  beam  with  transverse  dimension 
k  ~  7r/a,  the  asymptotic  diffusion  time  id  =  (0.^/4770)  is  determined  by  the  asymptotic 
temperature,  the  initial  diffusion  time  to  =  477,  is  determined  by  the  initial  temperature 

and  the  ratio  of  the  beam  to  critical  electron  density  Zubln-ec,  and  the  rate  of  decrease  of  77 
is  determined  by  tth  and  Zub/uec-  To  limit  net  currents  to  very  small  values,  it  is  necessary 
to  satisfy  <  ip  <  U  and  therefore  have  the  conductivity  rise  as  quickly  as  possible,  to 
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as  high  a  value  as  possible.  Since  the  plasma  temperature  is  nearly  a  linear  function  of 
the  ionization  potential  and  most  gases  have  first  ionization  potentials  which  lie  within  the 
range  13  eV  <  U  <  25  eV,  the  asymptotic  value  770  will  not  vary  much  with  gas  species.  On 
the  other  hand,  according  to  Eq.  (29),  gases  like  Ar  should  reach  the  asymptotic  values  of 
7]  more  rapidly  than  gases  like  He  since  less  ionization  is  needed  and  the  thermal  ionization 
time  ttk  is  faster.  Thus,  a  choice  of  gas  with  a  maximum  stopping  power  for  given  ionization 
potential  energy  (i.e.,  ttk  is  a  minimum)  is  desired  in  order  to  increase  the  rise  time  tr  to 
as  large  a  value  as  possible.  A  plot  of  By  from  Eq.  (34)  for  a  beam  propagating  through 
1  tori'  of  gas  is  shown  in  Fig.  3.  The  two  different  curves  represent  propagation  in  He  and 
Ar.  The  corresponding  times  of  and  for  the  different  gases  are  given  in  Table  II  for 
injection  of  a  Gamble  II  parameter  beam  (1  MeV,  1.2  kA/cm^,  protons)  and  for  injection  of 
an  IGF  parameter  beam  (30  MeV,  5  kA/cm^,  Li"'"^). 

V.  DISCUSSION 

A  summary  of  the  scaling  relations  derived  in  Sec.  Ill  and  a  comparison  of  the  theory 
to  numerical  integration  of  the  model  equations  are  presented  and  application  of  the  results 
to  specific  NRL  Gamble  II  proton  beam  experiments  and  light  ion  driven  IGF  scenarios  are 
given. 

A.  Scaling  relations 

In  the  initial  stages  of  ionization,  both  the  beam  ions  and  co-moving  electrons  contribute 
to  ionization.  In  a  time  t  ~  if,  =  (noO'bUt)"^  electron  densities  of  order 

ne  ^  Znb{w.EblMUY^^  (35) 

will  be  produced.  When  0  1  the  beam  ionization  cross-section  crj,  is  given  by  Eq.  (fib) 

such  that  tb  scales  as 
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For  a  1.0  MeV  proton  beam  impinging  1  torr  He  gas,  the  beam  impact  time  f-t,  ~  1.5  ns 

and  ^  5.  Hence,  within  a  couple  nanoseconds  the  plasma  electron  density  will  be  five 

times  the  beam  density.  For  light-ion  driven  IGF  beam  parameters  of  30  MeV,  Li"*"^  ions, 

* 

to  =  0.3  ns  and  {00^^  ~  10  in  1  torr  He.  After  0.3  ns,  ??.£  ~  30?7,j,. 

The  primary  contribution  to  electron  production  follows  the  initial  stage  and  results  from 
ionization  by  the  background  thermal  electrons.  Growth  is  not  exponential  but  proceeds 
nearly  linear  with  time  as  =  Zno  {t/tt,hC),  where  tth  is  defined  in  Eq.  (13c).  Because  C{t.) 
scales  weakly  with  the  parameters  0  and  to  (see  Eqs.  (20a)  and  (24)),  the  rate  of  electron 
production  following  the  initial  stage  (i.e.,  for  t  >  to),  scales  as 


d^e  „  vopdE/dx 
—  cc 


The  electron  temperature  decreases  slowly  with  a  logarithmic  time  dependence  (see  Eq. 
(24)).  It  is  expected  to  have  a  minimum  value  around 

m  I  .  ~ ^ -  (38) 

inj^/12^y].  ^  > 

where  Eq.  (25)  has  been  expanded  in  the  limit  6/(ln[K,/12a/])2  <1.  According  to  Eqs. 

(38)  and  (24),  to  reach  Te\m.in  will  take  a  time  • 

-  h  (39) 

For  1.0  MeV  protons  impinging  1  torr  He,  is  ^  1  ps.  For  30  MeV,  Li'*'^  in  1  torr 
He,  tm.in  —  0.3  p-s.  Since  the  beam  pulselength  tj,  is  generally  much  shorter  than  tmin,  one 
can  expect  the  temperature  to  evolve  according  to  Elq.  (24)  throughout  the  pulse  and  the 
temperature  to  be  a  fraction  of  the  ionization  potential. 

If  the  evolution  of  the  electron  return  current  is  determined  by  classical  diffusion  as 
described  by  Eq.  (32),  then  for  a  time  dependent  scalar  resistivity,  the  magnetic  fields 
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generated  by  the  net  current  (beam  plus  plasma)  can  grow  secularly  in  time.  When  the 
plasma  electron  density  rises  linearly  in  time,  the  azimuthal  magnetic  field  evolves  as  in  Eq. 
(34).  When  the  conditions  (tp,^r)  <  td  are  satisfied,  one  can  expand  Eq.  (34)  in  the  small 
paramter  t/td  to  obtain 

where  td  =  l/k^Vo  -  C  =  {n^cCUh/Zni),  and,  since  the  time  behavior  of  r]{t) 

is  described  for  times  following  the  initial  ionization  phase,  the  initial  electron  density  is 
approximately  7ie(0)  ~  .  For  times  short  compared  to  a  binomial  expansion 


of  Eq.  (40)  yields 


-  (  1+  . -  1  =  -  ( 1  + 

id  V  U  V  »’-e(0) 


which  is  equivalent  to  the  early  stages  of  diffusion  when  the  plasma  has  a  resistivity  rj  =  r}i. 
In  the  limit  tr/td  0,  the  field  governed  by  Eq.  (40)  grows  linearly  with  slope  1/f.d  which 
is  determined  by  rjo  and  scales  as  since  Tg  is  proportional  to  U  (see  Eq.  (24)). 

It  proves  useful  to  consider  an  effective  resistivity  rjef  /  which  is  the  time  averaged  resis¬ 
tivity  over  the  beam  pulselength 


T]{t)  dt 


where 


e  =  (ne(0)/necC) 


is  the  ratio  {ne{Qi)tthl ZubU)  and  is  ~  for  t  >  tb.  The  parameter  e  is  generally  much 

less  than  1  and  dependent  on  both  gas  and  beam  parameters.  A  plot  of  77e//  as  a  function 
of  tp/tr  for  different  values  of  e  is  shown  in  Fig.  4.  For  beam  pulselengths  much  greater 
than  the  time  U,  Veff  approaches  770.  For  shorter  pulselengths,  however,  the  value  of  rje/f 
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is  approximately  given  by  the  initial  resistivity  (the  limit  of  Eq.  (42)  for  tp/t,.  1)  which 
scales  like 

Veff  ^  Vi  =  ^(1  +  e)- 

Hence,  in  order  to  reduce  net-fields  to  as  small  a  value  as  possible,  not  only  does  one  want 
f-r  f-d,  but  also  to  have  e  as  large  as  possible. 

t 

B.  Numerical  examples 

The  analytic  results  of  Sec.  Ill  are  compared  to  numerical  integration  of  equations  similar 
to  Eqs.  (1)  -(  5)  but  which  also  include  physics  explicitly  assumed  negligible  in  the  model 
equations  of  Sec.  II.  In  particular,  effects  due  to  secondary  ionization,  ohmic  heating,  and 
radiative  cooling  have  been  included.  A  brief  outline  of  the  model  equations  used  in  the 
numerical  calculation  is  found  in  Appendix  B.  Results  are  presented  for  injection  of  a  1  MeV, 
1.2  kA/cm^  proton  beam  into  various  gases  with  pressures  ranging  from  0.25  to  4  torr.  For 
these  beam  and  gas  parameters,  nt  =  5.6  x  10^^  cm“^  and  the  condition  /  <  1  is  always 
satisfied.  These  beam  and  gas  parameters  are  similar  to  the  experimental  conditions  of  Ref. 
[18]. 

Typical  evolution  of  the  electron  density  and  temperature  as  a  function  of  time  is  shown 
in  Fig.  5,  for  propagation  in  1  torr  He.  Nearly  complete  ionization  of  the  first  state  occurs 
for  times  t  >  2  ps.  The  temperature  decreases  monotonically  after  the  initial  ionization 
phase  {t  >  tb)  and  then  rises  once  Ue  ~  1/2/.  Overall  the  density  evolution  is  not  unlike  the 
solution  given  in  Eq.  (15)  but  with  a  time  constant  equivalent  to  (7  +  f)/2  ~  10“^.  The 
temperature  is  observed  to  evolve  slowly  with  time  and  have  a  minimum  {Te/U)min  —  0.2 
at  tmin  =  800  ns,  in  close  agreement  with  the  Table  I  results  and  Eq.  (39). 

For  times  less  than  100  ns,  the  gas  is  only  partially  ionized  (for  IGF  purposes,  beam 
pulselengths  will  typically  be  ~  10  —  50  ns).  In  this  limit  the  scalings  presented  in  Sec.  IIIB 
are  valid.  In  Fig.  6  the  electron  density  normalized  to  the  initial  gas  density  no  is  plotted 
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as  a  function  of  time  for  various  gases  at  a  pressure  of  1  torr.  The  beam  pulselength  is  45 

ns.  After  the  initial  ionization  phase  the  density  is  observed  to  rise  linearly  with  time  in 

accordance  with  the  solution  (22).  The  rate  of  rise  is  proportional  to  in,..  From  Table  I  the 

ratio  of  the  rate  of  rise  of  Ar:He  ~  8  and  Ar:N  ~  2  as  is  evidenced  in  Fig.  6.  Figure  7  plots 

the  ionization  fraction  at  the  end  of  the  beam  pulse  {tp  =  45  ns)  as  a  function  of  initial 

gas  density.  According  to  Eq.  (22),  since  l/tu,  is  proportional  to  77,o,  the  ionization  fraction 

% 

should  be  independent  of  7?,o. 

In  Figs.  8  and  9  the  temperature  is  plotted  as  a  function  of  time  for  various  gas  envi¬ 
ronments.  Figure  8  demonstrates  that  the  initial  ionization  phase  lasts  for  a  time  ~  4  for 
each  gas  and  that  the  slow  evolution  during  the  linear  growth  phase  of  the  electron  density 
yields  temperatures  which  are  a  fraction  of  the  ionization  potential  and  scale  directly  with 
the  ionization  potential.  Figure  9  demonstrates  the  same  behavior  in  Ar  at  various  gas 
pressures.  Note  the  small  variation  in  minimum  temperature  as  the  initial  gas  pressure  is 
varied  from  0.25  2  torr.  Also,  note  the  slow  l/ln[t]  dependence  of  the  temperature  on 

time  as  predicted  by  the  solution  given  in  Eq.  (24). 

VI.  CONCLUSIONS 

A  simple  model  for  gas  ionization  by  an  ion  beam  which  includes  contributions  from  beam 
impact  and  a  background  of  thermal  electrons  has  been  presented.  Scalings  for  the  plasma 
temperature  and  density  have  been  obtained  for  cases  when  a  low  degree  of  ionization  occurs. 
It  is  found  that  the  primary  component  of  ionization  is  driven  by  the  thermal  electrons  and 
it  occurs  on  a  time  associated  with  the  time  taken  for  the  beam  to  deposit  energy  equal 
to  the  ionization  potential  into  the  electrons  via  classical  stopping.  This  is  generally  much 
faster  than  the  beam-impact  ionization  time.  Additionally,  it  is  found  that  the  plasma 
temperature  is  usually  a  fraction  (~  25  —  30%)  of  the  gas  ionization  potential. 

At  present,  ICF  driven  by  light  ions  envisions  the  use  of  30  MeV,  1  MA,  Li  beams.  At 
this  energy  and  current,  the  beam  particle  density  will  be  approximately  7^i,  ~  3  x  10^^ 
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cm-^  at  the  diode.  For  ballistic  transport  schemes,  beam  transport  will  probabl}'^  occur  in 
a  background  gas  with  pressures  in  the  range  0.1-1  torr  such  that  /  =  Ub/nQ  1  and  the 
results  of  Sec.  Ill  should  be  valid.  According  to  Eqs.  (10)  and  (11),  the  electron  density 
will  rise  to  ~  3(/?)^/^?7.i,  =  1.2  x  10^“^  cm“^  after  a  time  t  ~  4  =  2.5  ns,  for  injection  into  1 
torr  He.  Thereafter,  the  density  will  grow  linearly  with  time  at  a  rate  l/t,/,.  =  2.5  x  10^°  s“h 
Hence,  in  approximately  50  ns  the  electron  density  will  be  Ug  =  Zubi/ith  —  1-5  x  10^®  cm“^ 

t 

and  the  gas  will  be  half  ionized. 

The  characteristics  of  ionization  and  the  role  of  the  background  electrons  when  /  <  7 
is  currently  a  topic  of  further  study.  This  can  occur  for  propagation  near  the  target,  or 
for  self- pinched  transport,  where  the  beam  density  relative  to  the  background  gas  density  is 
expected  to  be  at  least  a  factor  10^  times  larger  than  for  ballistic  transport  prior  to  focusing. 
In  this  instance,  it  is  expected  that  following  the  initial  ionization  stage,  the  electron  density 
(for  the  above  beam  parameters)  will  be  Z^(/0)^/^  ~  90  times  larger  than  the  beam  density 
and  the  assumption  of  a  low  degree  of  ionization  uq  is  not  valid.  Ionization  of  the 

first  ionization  state  will  occur  quickly,  similar  to  the  constant  coefficient  solution  (15),  since 
7  will  be  on  the  order  or  less  than  /.  Thereafter  the  plasma  will  heat  at  a  rate  given  by 
Eq.  (13b)  of  nbt/{ngttb)  ^  to  some  fraction  of  the  second  ionization  potential.  For 
ionization  of  the  second  state,  depending  on  whether  or  not  7  is  less  than  or  greater  than 
/  one  should  expect  growth  governed  by  Eq.  (15)  or  Eq.  (22)  respectively,  where  U  now 
corresponds  to  the  ionization  potential  of  the  second  level. 

The  possibility  exists  that  for  certain  conditions  the  neutral  ionization  time  can  become 
longer  than  f-th  (i-e.,  for  7  <  /,  Te  >  0).  In  this  instance,  the  electrons  cannot  ionize  the  gas 
faster  than  the  beam  dumps  energy  into  them  and  the  free  electrons  experience  a  type  of 
thermal  runaway.  As  they  heat  they  can  become  too  hot  for  efficient  coupling  to  the  bound 
electrons  of  the  neutrals,  thereby  decreasing  thier  ionization  cross-section  and  increasing 
the  ionization  time  further.  Of  course,  one  should  consider  in  greater  detail  the  coupling 
of  energy  from  the  beam  to  the  hot  electrons  to  determine  if  such  a  state  can,  in  fact,  be 
induced. 
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APPENDIX  A:  Electron  and  Beam  Ionization  Cross-Sections 


For  ionization  by  electron  impact,  the  cross-section  as  found  in  Gryzinkski  [26]  is 

.bire'^ . 


where 


""  I,  (Iti)  /  ~ 

The  function  gi{EfU)  is  shown  in  Fig.  1. 

For  ionization  by  heavy  particles  (M  >  m),  with  energies  larger  than  the  ionization 


potential  U,  the  cross-section  is 


Ci  =  {?^)Gi{m.E/MU), 


where 


GiW  =  -  i)  ^ 

.T  .T  -t- 1  a 


(1  -  (i)"')  [^  +  5(1  +  ^)  1"(2.7  +  Vi))]  , 

a  L.-r  +  l  3  a  J 


a  =  4.r(H- 


The  variables  in  the  above  expressions  are  defined  in  Sec.II. 


APPENDIX  B:  Numerical  Algorithm 


A  zero-dimensional,  one  temperature  model  of  ion  beam  induced  gas  breakdown  is  pre¬ 
sented.  It  includes  ionization  of  the  first  and  second  ionization  states  of  the  gas  atom,  ohmic 
heating  of  the  plasma,  and  radiative  cooling.  This  model  was  originally  developed  [30]  to 
study  instability  growth  in  light-ion  IGF  reactor  systems  [31].  The  normalized  (to  the  initial 
gas  density)  ionization  populations,  fi,  satisfy 
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/o  +  /l  +  /2  —  1 


??,e  =  {Z)  Uo  =  {/l  +  2/2)  77.0, 


where  is  the  electron  density,  Ug  is  the  initial  neutral  gas  density^,  (Z)  is  the  average 
ionization  state,  /o  is  the  neutral  population  fraction,  and  /i,  /2  are  the  first  and  second 

t 

ionization  populations,  respectively.  The  coupled  rate  equations  are 

=  {^)  ([“‘S'1/1  —  Q!i/i]  +  [Sofo  +  0:2/2]) ,  (B3) 


—  {^)  ([“■0:2/2]  +  [‘S'1/1]) ) 


where  5,;  is  the  ionization  coefficient  and  ai  is  the  electron-ion  radiative  recombination 
coefficient  (expressed  here  in  units  of  sec“^); 

a  =  (B5) 

Uf'\s  +  TJU,)  \  Tj 


=  6.2  X  10-“Z,n<,  f  %i V'/o.43  +  bn  f  +  0.47  f  %i 


In  Eqs.  (B5)  and  (B6),  Tg  is  the  electron  temperature  in  eV,  Ui  is  the  ionization  potential 
of  the  7*^'  ionization  state  in  eV,  and  Zi  =  i. 

The  rate  equations  are  coupled  to  an  energy  balance  relation 

^  =  Ps  +  Pu-Pr,  (B7) 

where 


e,  =  '^{l  +  {Zi))Tg  +  m  +  f2{U,  +  Uo). 


Here,  Ps  is  the  heating  power  due  to  beam  ion  stopping  in  the  background  gas,  Pq,  is  the 
ohmic  heating  power  and  is  dependent  on  the  electron-ion  and  electron-neutral  collision 
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frequencies,  and  Pr  is  the  radiated  power.  Ps  is  determined  using  stopping  data  from 
Ref.  [32]  plus  a  correction  for  enhanced  stopping  b}-  free  electrons  in  a  plasma.  The  model 
for  Pr  includes  both  a  continuum  term  (optically  thin  approximation)  and  a  line  radiation 
term.  Over  the  temperature  ranges  observed  in  this  work  (<  30  eV),  Pr  yields  values  in 
good  agreement  with  experimental  values  found  in  Ref.  [33]. 
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TABLES 

TABLE  I.  The  ionization  potential,  the  time-scales  4  and  ta,.,  and  the  minimum  temperature 
calculated  from  Eq.  (25)  for  various  gases  at  a  pressure  of  1  torr.  Calculations  are  for  injection 
of  uniform  current  density,  Gamble  II  (1  MeV,  1.2  kA/cm^  proton  beam)  and  ICE  (30  MeV,  5 
kA/cm^,  Li'*'^)  parameter  beams. 

TABLE  II.  The  critical  density  fraction  and  the  resistive  times  4  =  («'^/4r/o), 

4  =  (^^/^/n.ecC)4,  and  4  =  {n-ecC / Znij)tth.  for  various  gases  at  a  pressure  of  1  torr.  Calcula¬ 
tions  are  for  injection  of  beam  parameters  given  in  Table  I.  A  temperature  Te/U  —  0.3,  beam 
radius  a  =  1  cm,  and  neutral  cross-section  cr„  =  5  x  10~^®  cm^  is  assumed  in  the  calculation  of  t/q 
and  Uec- 
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FIGURES 


FIG.  1.  The  function  gi{T)  for  electron  ionization. 

FIG.  2.  The  wieghting  function  for  thermal  electron  induced  ionization  7  as  a  function  of  Tg. 

FIG.  3.  The  Fourier  transformed  field  k?By/jfjz  vs.  time  for  a  Gamble  II  parameter  beam  (1 
MeV,  1.2  kA/cm^,  proton)  propagating  in  1  torr  He  and  Ar. 

FIG.  4.  The  effective  resistivity  normalized  to  the  asymptotic  resistivity  as  a  function  of  tp/tr 
for  different  values  of  e  as  defined  in  Eq.  (43).  The  typical  values  for  the  Gamble  II  parameter 
beam  in  He  and  Ar  are  also  shown. 

FIG.  5.  The  numerically  calculated  electron  density  and  temperature  as  a  function  of  time  for 
ionization  in  1  torr  He  by  the  Gamble  II  parameter  beam  (1  MeV,  1.2  kA/cm^,  protons). 

FIG.  6.  The  electron  density  as  a  function  of  time  for  various  gases  at  a  pressure  of  1  torr. 
Beam  parameters  are  the  same  as  in  Fig.  (5). 

FIG.  7.  The  calculated  electron  density  at  the  end  of  the  beam  pulse  {tp  =  45  ns)  for  various 
gases  at  pressures  of  0.25,  1,  and  2  torr.  Beam  parameters  are  the  same  as  in  Fig.  (5). 

FIG.  8.  The  electron  temperature  as  a  function  of  time  for  various  gases  at  a  pressure  of  1  torr. 
Beam  parameters  are  the  same  in  Fig.  (5). 

FIG.  9.  The  electron  temperature  as  a  function  of  time  for  Ar  at  various  pressures.  Beam 
parameters  are  the  same  as  in  Fig.  (5). 


31 


Gas 

U  (eV) 

(Te/UUn 

t6  (ns) 

Uh  (ns) 

He 

24.6 

0.15 

1.3 

0.23 

GII 

N 

14.5 

0.15 

0.5 

0.05 

Ar 

15.8  •■'• 

0.15 

0.27 

0.03 

IGF 

He 

24.6 

0.17 

0.3 

0.04 

PULSED  POWER  PHYSICS  BRANCH  TECHNOTE  TN95-24 


Xjtlc:  Constraints  on  intense  light-ion-beam  transport  for  inertial  confinement 

fusion. 

Authors:  D.V.  Rose/^  P.F.  Ottinger,  B.V,  Oliver,'’^  D.  Mosher,  C.L.  Olson,'’  and 

J.U.  Guillory.''’ 

Date:  November  12,  1995. 


Abstract:  A  summaiy  of  a  presentation  made  at  the  APS  Plasma  Physics  Meeting, 

Nov.  6-10,  1995  [Bull.  Am.  Phys.  Soc.  40,  1752  (1995)].  The  proposed  Laboratory 
Microfusion  Facility  (LMF)  will  require  >  10  Ml  of  30-MeV  lithium  ions  to  be  transported 
and  focused  onto  a  high-gain,  high-yield  inertial  confinement  fusion  target.  The  light-ion 
LMF  approach  uses  a  multimodular  system  with  individual  ion  extraction  diodes  as  beam 
sources.  Given  a  set  of  parameters  associated  with  a  ballistic  transport  and  solenoidal  lens 
focusing  design,  constraints  on  transportable  ion  beam  power  are  examined  to  define  an 
operational  window.  Beam-driven  instabilities,  plasma  hydrodynamics,  beam  energy 
losses  during  transport,  module  packing,  and  beam  transport  efficiency  are  considered. 
System  design  parameters  include  time-of-flight  bunching  of  the  beams,  background  gas 
species  and  pressures,  etc.  Preliminary  results  for  other  transport  schemes,  such  as  self- 
pinched  transport,  will  be  discussed. 


JAYCOR,  Inc.,  Vienna,  VA  22182 
NRL-NRC  Research  Associate 
Sandia  National  Laboratories,  Albuquerque,  NM 
George  Mason  University,  Fairfax,  VA  22030 


THIS  REPORT  REPRESENTS  UNPUBLISHED  INTERNAL  WORKING 
DOCUMENTS  AND  SHOULD  NOT  BE  REFERENCED  OR  DISTRIBUTED 
WITHOUT  CONSENT  OF  THE  AUTHORS 


Constraints  On  Intense  Light- 
Ion-Beam  Transport  For  Inertial 
Confinement  Fusion* 

D.V.  Rose,“)  P.F.  Ottinger,  B.V.  Oliver,'’^  D.  Mosher, 
C.L.  Olson, and  J.U.  Guillory'*^ 

Plasma  Physics  Division,  Naval  Research  Laboratory 
Washington,  DC  20375 

APS  Division  of  Plasma  Physics  Meeting,  Nov.  1995 

’  Work  supported  by  US  DOE  through  Sandia  National  Laboratories. 

JAYCOR,  Inc.,  Vienna,  VA  22182 
NRL-NRC  Research  Associate 
Sandia  National  Laboratories,  Albuquerque,  NM 
George  Mason  University,  Fairfa.x,  VA  22030. 


Fig.  1 


In  this  talk,  various  constraints  on  transportable  ion  beam  power 
are  presented.  These  constraints  determine  an  “operational  window”  in 
parameter  space  in  which  stable  ion  beam  propagation  of  sufficient  energy  is 
possible.  The  results  of  this  and  similar  analyses  can  be  used  in  the  design  of 
light-ion  inertial  confinement  fusion  (IGF)  facilities.  One  such  IGF  facility  is 
the  proposed  Laboratory  Microfusion  Facility  (LMF).  Parameters  from  a 
preliminary  LMF  design  are  used  in  this  analysis. 


Objective  is  to  explore  the  constraints  on  transportable  ion 
beam  power  for  light-ion  IGF 

•  Will  only  discuss  the  diode-to-lens  region  of  the  baseline  LMF 
transport  scheme  (ballistic  transport  with  solenoidal  lens 
focusing) 

•  Important  constraints 

-  Beam-driven  instabilities 

-  Module  packing  (system  is  multimodular) 

-  Beam  transport  efficiency 

•  Additional  constraints  (not  of  consequence  for  this  case) 

-  Beam  energy  losses  during  transport 

-  Plasma  hydrodynamics 


Fig.  2 


Of  the  several  different  transport  schemes  under  consideration 
for  light-ion  LMF,  we  consider  only  the  ballistic  transport  widi  solenoidal  lens 
focusing  scheme  (see  Fig.  5).  As  a  first  step  we  will  treat  the  diode-to-lens 
region  where  the  beam  is  at  large  radius  and  low  density.  For  this  transport 
scheme,  the  siginificant  constraints  are;  beam-driven  instabilities,  module 
packing,  and  beam  transport  efficiency.  Additional  constraints  include  beam 
energy  losses  during  transport,  and  plasma  hydro-motion,  however  these 
constraints  are  not  significant  for  the  ballistic  transport/solenoidal  lens 
focusing  scheme. 


Light-Ion  LMF  Parameters 


Driver 

Ion  diode  radius, 

R  =  6  -  20  cm. 

Ion  currents  (LR  ')  ~1  MA. 
Beam  transport  (and  focusing) 
over  4  m. 

N  modules  (diodes)  =  12. 

Time-of-flight  bunching 
factor,  a  =  2. 

Peak  power  efficiency  at  3/4 
pulse  length. 


Target 

30  MeV  Lithium  ions. 
Target  radius,  r,  =  1  cm. 

Energy  on  target, 

E,=  14MJ. 

Pulse  duration  on  target, 
T,  =  20  ns. 


Focal  length  (lens-to-target), 
F  =  1.5  m, 

implying  0^  =  5  mrad. 


Fig.  3 


The  LMF  parameters  that  are  used  in  the  constraint  calculations 
are  given  in  Fig.  3.  Of  these,  the  ion  diode  radius  (R)  and  the  ion  beam  current 
will  be  varied  in  this  study.  We  assume  here  that  the  voltage  V  rises  in  time  to 
achieve  time-of-flight  bunching  and  that  the  beam  current  scales  as  V^.  Thus 
the  beam  pulse  rises  monotonically  from  the  head  to  the  tail  of  the  beam.  Since 
we  will  be  plotting  the  constraints  as  a  function  of  R  and  the  beam  power  at  the 
end  of  the  pulse  the  following  expression  relates  these  two  quantities  to 
the  beam  density, 

(m-3)  =  2.6xl0>  • 

For  P/^ii  =  43  TW  and  R  ranging  from  6  to  20  cm,  we  find  that  =  2.8x10*^  - 
3.1x10*^  cm'^. 


Idealized  LMF  Waveforms 

Diode  Waveforms 
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The  idealized  LMF  waveforms  used  in  this  analysis  are  shown. 
The  first  10  ns  of  these  waveforms  is  included  to  aid  in  the  integration  of  the 
rate  equations  in  the  0-D  conductivity  model. 


A  schematic  for  the  LMF  ballsitic  transport/solenoidal  lens 
focusing  scheme  is  given.  This  drawing  is  not  to  scale.  Note  that  the  extracted 
beam  is  annular.  For  this  report,  we  assume  the  inner  radius  of  the  beam  to  be 
R/l.  All  constraint  calculations  presented  in  this  report  are  for  the  diode-to- 
lens  section  of  the  transport  system  only.  Work  is  underway  to  address  the 
constraints  on  beam  transport  in  the  focusing  section. 


0-D  model  for  background  gas  response  to  the  ion 
beam  pulse  has  been  developed  in  order  to  calculate 
instability  constraints _ 


•  Rate  equations  for 
ionization  populations 

•  Plasma  electron  heating  by 
collisional  beam  stopping 

•  Resistive  heating  of  the 
plasma  electrons  (assumes 
Jp  -  -Jfj,  and  Spitzer 
resistivity) 

•  Radiative  cooling 

•  Initiated  with  sub-eV 
electron  temperatures  and 
electron  densities  of  ~  5-20 
times  the  beam  density. 


1  torr  He,  =  43  TW 


150 

100 

50 
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Fig.  6 

A  0-D  “conductivity”  model  has  been  developed  to  calculate  the 
response  of  the  background  gas  to  the  ion  beam  pulse.  The  computed  plasma 
conductivity  is  in  turn  used  to  compute  the  instability  constraints.  This  model 
is  in  “qualitive”  agreement  with  results  of  NRL  gas  breakdown  experiments. 
(The  measured  net  fields  on  the  Gamble  II  experiments  suggest  conductivities 
that  are  in  reasonable  agreement  with  this  0-D  model).  Typical  plasma 
parameters  for  1-2  torr  helium  at  the  end  of  the  beam  pulse  (for  i?  =  12  cm,  P,^ji 
=  43  TW)  are: 

W  =  w,-  +  =  8.6x109  -  2.1xl0'0  sec', 

a  =  4.1x10*'' -3.7x10'^  sec-', 
r^=  10.2 -8.2  eV, 

=  9.3xl0'5  -  2.0x10'6  cm-3. 


The  stabilization  condition  for  the  two-stream  instability  is 
given.  This  constraint  will  be  analysized  by  computing  the  required  axial 
beam  velocity  spread  as  a  function  of  beam  and  plasma  density  at  the  tail  of  the 
beam.  For  R  =  \2  cm,  =  43  TW  and  1-2  torr  helium,  we  find  = 
5.4xl0'^  -  8.0x10'^  rad/sec  and  =  4.2x10^  rad/sec.  This  results  in  a 
required  axial  beam  velocity  spread  for  stabilization  of  2.4  - 1.3  %,  for  1-2  torr 
helium,  respectively. 


Filamentation  Instability 


•  Significant  growth  is  prevented  if: 


a  > 


^b^pt 


2710 


n 


a  =  plasma  conductivity. 

Tb  =  beam  pulse  duration. 

0  =  beam  microdivergence  (before 
focusing)  or  R/F  (after  focusing). 

n  =  number  of  e-fold  growth  times. 


•  Tail  of  beam  could  be  disrupted  if  plasma 
conductivity  does  not  grow  quickly  enough. 


Fig.  8 


The  filamentation  instability  constraint  is  given.  The  factor  of 
271  as  used  here  [derived  from  solving  the  dispersion  relation,  P.F.  Ottinger,  et. 
al.,  Phys.  Fluids  24,  164  (1981)]  is  not  the  same  as  used  in  other  analysis  [8tc, 
in  E.P.  Lee,  et.  al.,  Phys.  Fluids  23, 2095  (1980)  and  C.L.  Olson,  unpublished]. 
For  this  study,  we  have  considered  10  e-folds.  For  R  =  12  cm,  =  43  TW, 

=  40  ns,  and  1-2  torr  helium,  we  find  the  required  .conductivity  to  stabilize  the 
beam,  a,  =  4.5x10''’  sec',  assuming  6^  =  5  mrad  and  «  =  10  e-folds. 


Beam  Energy  Loss  Constraint 

• 

Required  power  for  LMF  system: 
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Fig.  9 


The  beam  energy  loss  constraint  is  presented.  This  constraint  is 
expressed  as  the  required  power  on  target  at  the  tail  of  the  beam  in  the  results 
to  be  shown  later.  For  the  ballistic  transport/solenoidal  lens  focusing  scheme 
presented  here,  the  combined  resistive,  inductive  and  collisional  stopping 
energy  loss  mechanisms,  are  estimated  to  be  less  than  1%  of  the  beam 
energy  and  are  not  included  in  the  calculations.  However,  the  energy  transport 
efficiency  [see.  P.F.  Ottinger,  et.  ah,  J.  Appl.  Phys.  75,  4402  (1994)  and  D.V. 
Rose,  et.  al.,  IEEE  Trans.  Plasma  Sci.  23,  163  (1995)]  is  included  in  the 
constraint  calculations  and  is  plotted  as  a  function  of  R  above.  The  reduction 
in  r),  for  larger  R  is  due  primarily  to  the  effect  of  the  temporal  change  in  the 
focusing  distance  as  a  result  of  the  voltage  ramp  required  for  time-of-flight 
bunching  of  the  beam. 


Contour  plots  of  the  two-stream  and  filamentation  instabilities 
are  expressed  as  the  beam  parameters  A  and  0|j  respectively.  The 
dashed  line  includes  the  energy  loss  constraints  and  represents  the  required 
power  for  the  system  parameters  shown  in  Fig.  3.  The  calculations  presented 
here  are  for  1  torr  helium.  The  operational  window  is  below  a  given  contour 
and  above  the  required  power  curve. 


1  torr  Helium  calculations.  Operational  window  is  below  a 
given  contour  and  above  the  required  power  curve. 


Two-stream 
(Contours  of 


Filamentation 
(Contours  of  0^  in  mrad, 
for  10  e-folds) 


- -  required  power  for  LMF 


Fig.  11 


Contour  plots  from  Fig.  10  are  shown  again  with  sample 
“operation  windows”  indicated  by  shaded  regions.  Note  that  the  energy  loss 
constraint  curve  shown  here  (the  dashed  line)  is  computed  assuming  a  beam 
with  5  mrad  of  microdivergence.  This  figure  is  only  intended  to  illustrate  how 
operational  windows  are  defined. 


Similar  to  the  previous  figure,  stability  constraint  contours  are 
shown  for  2  torr  helium.  For  2  torr  helium,  the  required  axial  beam  velocity 
spread  is  reduced.  The  filamentation  constraint  contours  do  not  differ 
significantly  between  1  and  2  torr  helium  because  the  conductivity  does  not 
vary  significantly  between  the  two  pressures. 


Summary  and  Conclusions 


•  Constraints  for  operational  window  identified. 

•  Plasma  conductivity  model  developed  for  helium. 

•  Calculations  of  constraints  on  diode-to-lens  transport  indicate 
system  design  parameters  may  be  too  limiting. 

•  Operational  windows  will  help  to  determine  appropriate 
system  parameters  for  LMF  transport. 

•  Experirhents  and  numerical  simulations  are  planned  at  NRL 
and  SNL  to  investigate  growth  of  beam  instabilities. 

•  Operational  windows  for  other  transport  schemes  being 
addressed  (self-pinched  and  z-discharge  transport). 


Fig.  13 

In  this  report,  constraints  on  transportable  ion  beam  power  have 
been  identified  and  analyzed  for  light-ion  LMF  parameters.  These  calculations 
will  be  used  to  identify  an  operation  window  for  ion  beam  transport.  These 
results  in  turn  will  be  used  to  determine  appropriate  system  parameters  for 
LMF  transport. 

The  transport  region  between  the  lens  and  target  is  currently 
being  evaluated  for  the  ballsitic  transport/solenoidal  lens  scheme.  Additional 
transport  schemes,  including  self-pinch  and  z-dischare  transport  are  also  being 
addressed. 

Ongoing  experiments,  supported  by  numerical  simulation  and 
analytic  analysis,  at  NRL  and  SNL  will  address  the  issue  of  beam  stability  in 
low  pressure  background  gases,  enabling  more  detailed  determination  of 
appropraite  system  design  parameters  for  LMF. 
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The  Laboratory  Microfusion  Facility  (LMF)  has  been  proposed  for  the  study  of  high-gain, 
high-yield  inertial-confinement-fusion  targets.  The  light-ion  LMF  approach  uses  a  multimodular 
system  with  applied-B  extraction  diodes  as  ion  sources.  A  number  of  ion-beam  transport  and 
focusing  schemes  are  being  considered  to  deliver  the  beams  from  the  diodes  to  the  target.  These 
include  ballistic  transport  with  solenoidal  lens  focusing,  z-dischargc  channel  transport,  and 
wire-guided  transport.  The  energy  transport  efficiency  77,  has  been  defined  and  calculated  as  a 
function  of  various  system  parameters  so  that  point  designs  can  be  developed  for  each  scheme.  The 
analysis  takes  into  account  target  requirements  and  realistic  constraints  on  diode  operation,  beam 
transport,  and  packing.  The  effect  on  of  voltage  ramping  for  time-of-flight  beam  bunching  during 
transport  is  considered  here.  Although  only  5  mrad  microdivergencc  calculations  are  presented  here, 
results  for  bunching  factors  of  ^3  show  that  transport  efficiencies  of  >50%  can  be  obtained  for  all 
three  systems  within  a  range  of  system  parameters  which  seem  achievable  (i.e.,  for  diode 
microdivergencc  within  5-10  mrad,  for  diode  radius  within  10-15  cm,  and  for  diode-ion-current 
density  within  2-10  kA/cm^).  In  particular,  the  point  design  for  the  baseline  LMF  system  using 
ballistic  transport  with  solenoidal  lens  focusing  and  a  bunching  factor  of  2  was  calculated  to  have 
^^  =  84%.  Other  factors  affecting  the  overall  system  efficiency,  but  not  included  in  the  analysis,  are 
also  identified  and  estimated. 


I.  INTRODUCTION 

A  multimodular  light-ion  inertial-confinement-fusion 
(ICF)  system  directs  energy  from  a  number  of  intense  ion 
beams  onto  a  target  for  implosion.  Each  beam  is  transported, 
and  focused  over  a  distance  of  a  few  meters  from  the  ion 
diode  to  the  target.  This  standoff  allows  for  packing  the 
pulsed  power  generators  around  the  target  chamber.  It  also 
provides  for  isolation  of  the  diode  hardware  from  the  target 
explosion  and  for  beam  power  compression  by  time-of-flight 
(TOF)  bunching. 

The  Laboratory  Microfusion  Facility  (LMF)  has  been 
proposed  for  the  study  of  high-gain,  high-yield  ICF  targets.* 
A  multimodular  light-ion  approach,  based  on  Hermes-III  ac¬ 
celerator  technology,  is  presently  under  investigation.**^  A 
number  of  transport  and  focusing  schemes  are  being  consid¬ 
ered  for  LMF.^-'*  The  baseline  approach  is  ballistic  transport 
with  solenoidal  lens  focusing  (BTSF).^”*^  Advantages  of  this 
system  include  its  engineering  simplicity,  the  absence  of 
hardware  requirements  in  the  target  chamber,  and  that  the 
diode  and  solenoidal  lens  can  be  adjusted  to  form  a  nearly 
achromatic  lens  system.  Alternate  approaches  include 
z-discharge  channel  transport®  (ZDT),  wire-guided  transport’ 
(WGT),  and  pinched  transport.***  Either  a  wall-stabilized 
z-discharge  channel  with  a  low-mass  wall  design**  or  a  laser- 
initiated  free-standing  z-discharge  channel*^”*"^  could  be  used 
for  ZDT.  Advantages  of  these  alternative  approaches  are  that 
they  provide  positive  beam  guidance  until  the  beam  is  very 
near  the  target,  and  that  they  allow  larger  radius  target  cham¬ 


bers,  an  important  consideration  for  ICF  reactor 
concepts.  *^**^  Ehie  to  the  presence  of  transport  system  hard¬ 
ware  inside  the  target  chamber,  neither  wall-stabilized  ZDT 
nor  WGT  are  appropriate  for  an  ICF  reactor,  but  both  could 
be  used  for  LMF. 

Previous  analyses^’’  considered  transport  efficiency  for 
raonoenergetic  beams.  This  article  evaluates  transport  effi¬ 
ciency  when  voltage  ramping  for  TOF  beam  bunching  is 
used.  For  this  purpose,  the  energy  transport  efficiency  77,  is 
defined  here  as  the  ratio  of  total  ion  energy  which  is  deliv¬ 
ered  to  the  target  to  the  total  ion  energy  produced  in  the 
diode.  Because  they  have  been  most  extensively  studied, 
only  BTSF,  ZDT,  and  WGT  will  be  considered.  This  work  is 
an  extension  of  a  preliminary  analysis  presented  earlier.*^ 
Schematics  for  one  module  of  a  LMF  system  using  each  of 
the  three  transport  schemes  are  shoym  in  Figs.  1-3.  For  the 
BTSF  scheme  (Fig.  1),  the  beam  is  transported  ballistically  at 
large  radius  (i.e.,  at  the  diode  radius)  and  then  is  focused 
inside  the  target  chamber  onto  the  target  by  a  solenoidal  lens 
located  in  the  target  chamber  wall.  For  ZDT  and  WGT  (Figs. 
2  and  3,  respectively),  the  beam  is  ballistically  focused  be¬ 
fore  entering  the  target  chamber  and  then  is  propagated  to  the 
target  in  the  transport  system  at  small  radius  (i.e.,  at  the 
target  radius). 

An  extraction  applied-B  ion  diode  will  be  used  to  gener¬ 
ate  a  beam  of  lithium  ions.*®"^**  A  combination  of  geometric 
shaping  of  the  anode  and  self-magnetic  field  focusing  of  the 
beam  in  the  vacuum  region  of  the  diode  are  used  to  extraa 
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FIG.  1.  Schematic  of  BTSF  system. 

the  beam  in  an  appropriate  fashion  for  each  transport 
scheme.  The  Li  ions  are  produced  in  the  diode  in  charge  state 
Zj=l,  and  are  accelerated  across  an  average  diode  voltage 
of  Vo=30  MV.  A  foil  separating  the  diode  vacuum  region 
and  the  gas-filled  ballistic  drift  region  will  strip  the  Li""’ 
beam  to  Li'^^  so  that  the  beam  is  transported  to  the  target  in 
charge  state  Z,=  3.  Once  through  the  foil,  the  beam-induced 
gas  breakdown  provides  charge  and  current  neutralization  of 
the  beam  allowing  the  beam  to  propagate  ballistically.  The 
gas  must  also  be  chosen  to  prevent  excessive  energy  loss  due 
to  classical  slowing  down.  Consideration  of  these  and  other 
constraints  suggests  1  Torr  of  helium  as  a  background  gas.“ 
These  constraints  are  not  addressed  in  this  article. 

The  multimodular  LMF  approach  positions  a  number  of 
such  beam  generation/transport  systems  around  a  high-gain 
fusion  target.  The  number  of  modules  N  is  expected  to  be  in 
the  range  of  10-30;  however,  packing  constraints  can  limit 
N.  With  a  Urget  radius  r,  of  about  1  cm,  a  total  energy  E,  of 
about  10-20  MJ  of  30  MeV  Li  ions  will  be  required  on 
target  at  a  total  average  power  P,  of  about  1000  TW.*  The 
total  equivalent  ion  current  (flux  of  li  ions)  on  target, 
/  =ZJ,/Z,=  PiIVq,  is  then  about  33  MA,  while  the  total 
electrical  current  on  target  /,  is  100  MA  because  of  shipping 
from  Li"^*  to  when  passing  through  the  foU  (i.e.,  the 
effective  voltage  drops  to  ZjVo/Z,=  10  MV  after  stripping). 


FIG.  2,  Schematic  of  ZDT  system. 


FIG.  3.  Schematic  of  WGT  system. 


When  an  appropriate  voltage  ramp  is  applied  to  the  ion 
diode,  beam  transport  over  a  distance  of  a  few  meters  allows 
for  TOF  bunching  of  the  beam  so  that  the  original  beam 
pulse  duration  is  reduced  during  flight  to  that  appropriate 
for  target  implosion  r,  Since  the  total  beam  energy  re¬ 
mains  nearly  constant  during  flight,  the  beam  power  in¬ 
creases  roughly  as  a^Tj/r, .  Implosion  physics  consider¬ 
ations  suggest  pellet  driver  limes  of  10—15  ns,  so  that  beam 
compression  factors  in  the  range  of  2-3  will  be  required  for 
proposed  accelerator  pulse  durations  of  30—45  ns.  Defining 
the  energy  transport  efficiency  77,  as  the  ratio  of  total  ion 
energy  which  is  delivered  to  the  target  to  the  total  ion  energy 
produced  in  the  diodes,  and  assuming  A^  =  20,  a=2,  and 
77^  =  50%,  the  diode  of  each  module  will  need  to  produce  an 
average  ion  current,  IfiQ  —  ZJJar]fNZf,  of  about  1.7  MA. 
Because  the  diode  is  expected  to  be  hollow, the  active  ion 
emitting  area  extends  from  an  inner  radius  Ri  to  the  outer 
radius  R.  Since  it  is  difficult  to  achieve  the  correct  applied 
magnetic-field  profile  for/?,</?/2  in  an  extraction  geometry 
for  the  appIied-B  diode, ^  and  since  the  ion  emitting  area  in- 
CTeases  slowly  as  is  reduced  to  smaU  values,  it  will  be 
assumed  that  /?f  =  /?/2.  Thus,  the  average  ion  current  density 
at  the  diode  surface  7^  is  given  by 

J,  =  /rfo/-n-(^^-^?)  =  4Z/,/(3iTaT)^Z^^),  (D 

where  all  variables  arc  expressed  in  CGS  units  unless  explic¬ 
itly  noted.  Using  /?  =  2/?,=  15  cm  with  MA  from 

the  previous  example,  Eq.  (1)  yields  Ji=  3  kA/cm  ,  Experi¬ 
mental  measurements  of  J;  have  demonstrated  values  as  high 
as  6-10  kA/cm^  for  the  applied-B  diodc.^’ 

Transport  efficiency  has  been  calculated  as  a  function  of 
various  system  parameters  for  each  scheme  so  that  LMF 
point  designs  can  be  developed.  The  analyses  take  into  ac¬ 
count  target  requirements  and  realistic  constraints  on  diode 
operation,  beam  transport,  and  packing.  Previous  analyses 
have  considered  transport  efficiencies  of  monoenergetic 
beams  for  LMF  systems  using  BTSF,^  ZDT,®  and  WGT.’ 
Here,  the  effect  on  77,  of  voltage  ramping  for  time-of-flight 
beam  bunching  during  transport  is  considered  for  these  same 
systems.  Since  self-magnetic-field  ion  bending  in  the  diode 
varies  in  time  as  where  V{t)  is  the  diode  accelerat¬ 

ing  voltage,  anode  shaping  (which  is  fixed  in  time)  can  only 
compensate  for  this  bending  at  one  point  in  time.  Thus, 
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the  steering  angle  for  ions  exiting  the  diode  varies  in  time. 
For  ZDT  and  WGT,  this  causes  the  focus  to  move  inward 
(i.e.,  toward  the  diode)  as  a  function  of  time.  Because  the 
beam  is  annular,  the  BTSF  diode  and  solenoidal  lens  pair  is 
only  achromatic  for  one  radial  position.  With  optimum  ach¬ 
romatic  matching,  the  best  focus  at  the  target  for  BTSF  is 
found  to  move  outward  (i.e.,  away  from  the  diode)  as  a  func¬ 
tion  of  time.  Because  this  voltage  ramping  causes  the  loca¬ 
tion  of  the  beam  focal  spot  to  move  axially  as  a  function  of 
time  (or  voltage),  its  effect  on  77,  will  be  called  the  “focus 
sweep”  effect.  The  codes  developed  for  the  previous 
analyses^"^  were  modified  to  treat  time  variations  in  the  volt¬ 
age  and  current  to  study  the  focus  sweep  effect.  These  codes 
are  three-dimensional,  nonrelativistic,  single-particle  orbit 
codes  and  20  000  particles  per  simulation  are  used  to  provide 
adequate  statistics.  This  number  of  particles  typically  results 
in  less  than  1%  variation  in  transport  efficiency  statistics. 

Although  only  5  mrad  microdivergence  calculations  are 
presented  here,  results  for  bunching  factors  of  show  that 
transport  efficiencies  of  >50%  can  be  obtained  for  all  three 
systems  within  a  range  of  system  parameters  which  seem 
achievable  (i.e.,  for  diode  miaodivergence  within  5-10 
mrad,  for  diode  radius  within  10-15  cm,  and  for  diode-ion- 
current  density  within  2-10  kA/cm^).  In  particular,  the  point 
design  for  the  base-line  LMF  system  using  ballistic  transport 
with  solenoidal  lens  focusing  and  a  bunching  factor  of  2  was 
calculated  to  have  77,  =  84%.  Not  included  in  the  analysis  is 
ion-beam-species  purity,  waveform  efficiency,  and  beam  en¬ 
ergy  losses.  LMF  beams  are  expected  to  be  greater  than  90% 
pure.  The  waveform  efficiency  accounts  for  energy  in  the 
head  and  tail  of  the  power  pulse  which  is  not  usable.  The 
LMF  waveform  efficiency  is  expected  to  be  greater  than 
80%.  Beam  energy  losses,  which  are  typically  on  the  order  of 
10%,  are  due  to  beam  ion  deceleration  in  the  self-consistent 
electric  fields  and  collisional  stopping  of  the  beam  in  the 
background  gas  and  foils. 

Section  II  of  this  article  provides  the  details  of  the  ion- 
source  model  used  in  the  analysis.  This  includes  a  discussion 
of  the  beam  properties  (defined  in  terms  of  ion-beam-current 
density  and  microdivergence  at  the  diode,  and  the  steering 
angle  of  ions  as  they  exit  the  diode),  the  diode  impedance 
model  (relating  the  beam  current  and  the  diode  voltage),  and 
the  voltage  waveform  required  for  bunching.  The  results  of 
the  transport  efficiency  calculations  for  BTSF,  ZDT,  and 
WGT  are  given  in  Secs.  Ill,  FV,  and  V,  respectively.  Finally, 
a  summary  and  conclusions  from  this  work  are  provided  in 
Sec.  VI. 

IL  ION-SOURCE  MODEL 

It  is  assumed  that  the  ion  current  density  is  uniform 
across  the  annular  anode  emitting  surface  of  the  applied-S 
diode  which  has  been  assumed  to  extend  from  a  radius  of 
RH  to  R.  Ions  orbits  arc  bent  toward  the  axis  in  the  diode 
vacuum  region  by  the  self-magnetic  field  of  the  beam.  For 
small  angles,  the  bending  angle  is  where  a>^ 

is  the  beam  ion  cyclotron  frequency  associated  with  the  self- 
magnetic  field  in  the  diode  region,  so  that 
(D^^leZJJrrriiC^.  Here,  !^{t)  is  the  ion  current  in  the  di¬ 
ode,  Z^e  and  m,  are  the  beam  ion  charge  (in  the  diode)  and 
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mass,  and  c  is  the  speed  of  light.  Also,  i;(f)  is  the  ion  speed 
and  A  is  the  distance  from  the  anode  to  a  foil  which  separates 
the  diode  vacuum  region  and  the  gas-filled,  charge-  and 
current-neutralized  transport  region.  There  is  no  bending  at 
the  inner  edge  of  the  annular  beam,  where  the  self-magnetic 
field  is  zero.  Anode  shaping  is  used  to  compensate  for  the 
magnetic  bending  in  the  diode  to  provide  a  forward-directed 
beam  for  BTSF  or  a  focused  beam  for  ZDT  and  WGT. 

The  foil  separating  the  diode  vacuum  region  from  the 
gas-filled  transport  region  is  referred  to  as  the  stripping  foil 
because  the  Li*^*  ions  generated  in  the  diode  are  stripped  to 
Li*^^  as  they  pass  through  it.  For  an  applied-5  extraction 
diode,  ion-beam  angular  momentum  arguments  dictate  the 
position  and  shape  of  the  stripping  foil  in  order  to  achieve  a 
small  beam  spot  size  at  the  target.^*  Because  of  the  extraction 
geometry,  the  Li"^'  ions  are  bom  at  the  anode  with  nonzero 
canonical  angular  momentum.  When  the  applied  magnetic 
field  is  configured  to  provide  uniform  magnetic  insulation 
across  the  anode  (and,  therefore,  uniform  J^),  the  ion  canoni¬ 
cal  angular  momentum  must  vary  in  radius  across  the  anode. 
The  stripping  foil  is  positioned  downstream  so  that,  when 
stripping  occurs,  the  ion  canonical  angular  momentum  is  re¬ 
moved  and  focusing  to  the  axis  is  possible.  The  actual  foil 
position  will  depend  on  the  detailed  LMF  diode  design 
which  is  unknown  at  this  time.  In  addition  to  this  effect  on 
the  ion  angular  momentum,  the  diode  applied  magnetic  field 
can  also  affect  the  other  ion  velocity  components.  However, 
these  changes  in  Vf  and  will  be  negligibly  small  and, 
again,  will  depend  on  the  detailed  LMF  diode  design,  which 
is  undetermined  at  this  time.  Thus,  only  applied-field  effects 
on  the  ion  angular  momentum  are  considered  here. 

For  ZDT  and  WGT,  it  is  assumed  here  that  A  is  fixed  at 
a  some  typical  value  and  is  independent  of  radius. 

For  BTSF,  the  picture  is  more  complicated  since  the  di¬ 
ode  and  solenoidal  lens  should  be  matched  to  form  an  ach¬ 
romatic  lens  pair  in  order  to  optimize  transport  efficiency.  It 
is  shown  in  Sec.  Ill  that  fixing  A  by  angular  momentum 
arguments  and  then  applying  this  achromatic  matching  con¬ 
dition  will  generally  fix  the  diode  radius  at  a  smaller  value 
than  desired.  Efficiency  decreases  for  diode  radii  different 
from  this  matched  radius  because  chromatic  effects  begin  to 
dominate  (i.e.,  ions  with  different  energy  focus  at  different 
axial  positions).  This  difficulty  for  BTSF  may  be  avoided  by 
techniques  such  as  using  two  foils  separated  by  vacuum.  The 
first  foil  strips  the  beam  and  satisfies  the  angular  momentum 
condition,  and  the  second  foil  is  located  further  downstream 
to  satisfy  the  achromatic  matching  condition.  This  assumes 
that  the  vacuum  between  the  foils  allows  beam  ion  orbit 
bending  to  continue  in  the  beam  self-magnetic  field  (but  now 
with  ions  in  a  charge  state  of  Z,  after  stripping).  This  is 
possible  because  the  ion  beam  can  draw  electrons  off  nearby 
walls  along  the  transverse  applied  magnetic-field  lines  for 
charge  neutralization  but  electron  flow  across  these 
magnetic-field  lines  for  beam  current  neutralization  is 
inhibited.^ 

Two  cases  are  examined  for  BTSF.  The  first  case  as¬ 
sumes  the  angular  momentum  and  the  achromatic  matching 
conditions  can  be  satisfied  separately  (e.g.,  by  using  two  foils 
separated  by  vacuum)  and  thus  determines  the  optimum 
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FIG.  4.  Injeaion  geometry  for  BTSF. 


BTSF  performance  without  constraining  the  choice  of  diode 
radius.  For  this  first  case,  an  effective  A  is  used  for  a  single 
foil  placed  where  the  achromatic  matching  condition  is  sat¬ 
isfied.  Since  the  results  only  depend  on  the  ion  steering  angle 
exiting  the  diode,  using  this  effective  gap  rather  than  the 
actual  foil  positions  does  not  effect  the  results.  Calculating 
the  actual  positions  of  the  two  foils  depends  again  on  the 
detailed  LMF  diode  design  as  well  as  the  degree  of  current 
neutralization  between  the  two  foils.  Such  a  calculation  is 
beyond  the  scope  of  this  work.  The  second  case  assumes 
there  is  one  foil  placed  at  the  same  value  of  A  (set  by  the 
angular  momentum  condition)  as  used  for  ZDT  and  WGT. 
This  study  determines  the  diode  radius  which  satisfies  the 
achromatic  matching  condition  for  a  given  system  and  how 
rapidly  transport  efficiency  drops  off  away  from  this  matched 
radius  because  of  chromatic  effects. 

As  illustrated  in  Fig.  4,  ions  are  assumed  to  leave  the 
diode  region  distributed  uniformly  in  a  cone  of  half-angle  0^ 
about  the  steering  angle  ^,(r,f)  =  ^i,(r,/)+  0a(r),  where  6^ 
is  the  source  microdivergence,  and  d^r)  results  from  the 
anode  surface  shaping.  It  is  assumed  for  simplicity  that  6^ 
has  a  square  profile  in  velocity  space  and  is  independent  of 
radius  and  time.  A  distribution  for  the  microdivergence  with 
the  same  half-width  at  half-maximum  but  a  smoother  profile 
could  have  somewhat  lower  efficiency  because  ions  in  the 
tail  of  the  distribution  could  be  lost.  The  actual  reduction  in 
efficiency  from  those  quoted  here  will  depend  on  the  system 
parameters  but  could  be  as  much  as  25%  for  a  Gaussian 
distribution.  Figure  4  shows  the  beam  extracted  parallel  to 
the  axis  as  needed  for  BTSF  and  Fig.  5  shows  a  focused 
beam  appropriate  for  ZDT  or  WGT.  Since  6^  varies  in  time 
as  where  F(f)  is  the  diode  accelerating  voltage,  6a 

can  only  compensate  for  6^  at  one  point  in  time.  At  this  time, 
the  power  transport  efficiency  (i.e.,  the  instantaneous  energy 
transport  efficiency)  is  optimized.  For  this  analysis,  it  is  cho- 


FIG.  5.  Injection  geometry  for  ZDT  and  WGT. 


sen  to  be  tne  time  Iq  wnen  me  vuit4a5w  r  q 

Since  /q  midpulse,  this  choice  also  approximately 

optimizes  17, .  Choosing  some  other  time  during  the  pulse 
(e.g.,  the  end  of  the  pulse  in  order  to  maximize  power  cou¬ 
pling  to  the  target  when  the  voltage  and  power  are  highest) 
would  optimize  the  instantaneous  energy  transport  efficiency 
for  that  chosen  time  at  the  expense  of  lowering  the  overall 
energy  transp)ort  efficiency  . 

The  model  assumes  that  V  increases  monotonically  in 
time  for  TOF  bunching,  and  that  the  diode  impedance  char¬ 
acteristics  lead  to  an  ion  current  that  scales  as 


iv{t)Y 

f  diO  l do\^  j  ’ 


(2) 


It  is  also  assumed  that  changes  in  dg  due  to  anode  plasma 
motion  are  negligible.  Using  the  assumption  of  uniform  cur¬ 
rent  density  in  the  annular  diode  and  the  diode  impedance 
model  given  in  Eq.  (2),  6^  can  be  written  as 


Vo  ) 


r 

R 


where 

_8/rfoA 

\2miV0l 


(3) 


(4) 


For  k>l/2,  da  ovcrcompensates  for  early  in  lime  [when 
V(r)<Ko]  and  undercompensates  late  in  time  [when 
V(0>  Vq].  This  will  lead  to  an  inward  sweeping  of  0,  over 
the  duration  of  the  pulse. 

At  Iq  the  steering  angle  is  set  equal  to  6j(r,{o)  =  “  /"/F, 
so  that  the  beam  is  ballistically  focused  a  distance  F  from  the 
diode  for  ZDT  and  WGT.  For  BTSF,  F  is  set  to  equal  so 
that  the  beam  is  extracted  parallel  to  the  axis.  Combining  this 
condition  on  the  steering  angle  with  Eq.  (3)  evaluated  at  (g , 
yields  the  appropriate  anode  shape  which  is  given  by 


(5) 


The  time-dependent  steering  angle  is  now  found  by  combin¬ 
ing  Eqs.  (3)  and  (5)  which  yields 


6Ar,t) 


Vo  I  jU  4rr 


(6) 


The  second  term  on  the  right-hand  side  of  Eq.  (6)  describes 
the  time-dependent  diode  focus  sweeping.  Note  that  the  ra¬ 
dial  depcndance  of  this  term  may  be  more  complicated  in  an 
actual  LMF  system  than  that  used  here  because  A  will  most 
likely  depend  on  r  [where  ^“A  as  given  in  Eq.  (4)].  For  an 
actual  LMF  diode  design,  an  iterative  ray  tracing  procedure 
will  be  required  to  determine  the  anode  shape  and  foil  posi¬ 
tion  which  optimize  proper  beam  extraction.  Errors  in  these 
calculations  introduced  by  this  geometric  correction  will  be 
evaluated  when  actual  LMF  designs  become  available. 
Again,  this  level  of  detail  is  beyond  the  scope  of  this  work. 

If  D  is  the  total  path  length  for  the  beam  fi^om  the  diode 
to  the  target,  then  the  ideal  voltage  ramp  for  TOF  bunching^ 
is  given  by 
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V{t}  = 


f  \  w  / 

{l-(»/r)[{a-l)/a]}' 


where  T^D/v(0).  The  average  voltage  is  defined  as 
Vq=[  V(0)4’ V(rj)]/2.  Evaluating  Eq.  (7)  at  t-r^  and  sub¬ 
stituting  the  resulting  expression  for  V(t^)  into  this  defini¬ 
tion  of  Vq  yields 

V(0)  =  2Vo-V{tj)  =  t-^  (8) 


in  MJ  and  R  expressed  in  cm.  In  deriving  these  values  ti  was  assumed  that 
Vq- 30  MV,  Jt=  2,  £>  =  400  cm,  A=4  cm,  Tj=  15  ns,  Z^=  1,  and 
for  lithium  ions,  where  m.  is  the  mass  of  a  proton. 


a 

V(0) 

(MV) 

V(u) 

(MV) 

r 

(ns) 

(MA) 

% 

(nd) 

I 

30.0 

30.0 

140 

2.22EJN 

1.13£,y.V^ 

2 

26.8 

33.2 

\AS 

\.\2EJN 

0.57E,/;V£ 

3 

23.7 

36.3 

157 

Q.lbEJN 

0.39£,/.V/? 

where 


(9) 


Equation  (8)  along  with  the  definition  of  Vq  relates  V(0)  and 
V{t^)  to  Kq  given  values  of  f(a,T^,r).  Since  the  beam 
can  be  treated  nonrelativistically,  i;(0)  =  [2eZ^V^(0)/mj'^^. 
Substituting  Eq.  (8)  into  the  definition  of  D  yields 


4eZjVo  \~T~I 


(10) 


which  is  a  transcendental  equation  for  T  in  terms  of  given 
values  for  m,  ,  D,  Vq,  and  ^{a,Tj,T).  Using  Eq.  (2)  for  Ij 
and  setting  the  total  beam  energy  per  module. 


equal  to  (EJN),  specifies  Ijq  for  given  values  of  Vq,E,,  N, 
k,  and  ^{a,Tj,T).  Here,  £,  is  the  total  ion  energy  available 
from  the  N  diodes  and  is  related  to  the  energy  on  target  £, 
through  £,=  Substituting  for  V(/)  from  Eq.  (7)  into 
Eq.  (11)  and  performing  the  integration  yields 

(2jt+l)£,  /l-^\  (1  +  1^)*^' 
ho-2>:^iNVQTj  \  ^  /  (1-^"*^') 

5£,  /l-f\(l  +  ^^)^ 

SNVqTj  \  $  j  (1-1^)  ’ 

where  the  last  result  applies  when  /:  =  2  as  is  assumed  in  this 
analysis. 

Thus,  for  given  values  of  the  system  parameters  Vq  ,  k, 
D,  X  T, ,  a,  N,  and  ,  the  TOP  voltage  shape  V(t)  is  speci¬ 
fied  by  Eq.  (7)  and  the  ion-beam  current  /^r)  is  specified  by 
Eq.  (2).  In  specifying  V(f)  and  /^(f),  V(0)  [or  V(t^)],  7, 
and  I^Q  are  also  determined  through  Eqs.  (8),  (10),  and  (12), 
respectively.  For  a  given  diode  radius  /?,  the  ion  steering 
angle  is  determined  by  Eq.  (6)  with  Oq  given  in  Eq. 

(4).  V(/),  7^(0,  Ry  and  F  completely  specify  the 

diode  source  model  for  a  given  system. 

For  the  calculations  that  are  presented  here,  it  is  assumed 
that  Li'^'^  ions  are  accelerated  in  the  diode  and  are  stripped  to 
Li”^  as  they  pass  through  the  foil.  It  is  also  assumed  that 
Vo  =  30  MV,  ife  =  2,  D  =  400  cm,  A=4  cm,  t,=  15  ns,  a=l, 
2,  or  3  (so  that  r^=  15,  30,  or  45  ns),  A^=10,  20,  or  30 
modules,  and  E,=  10,  20,  or  30  MJ.  In  addition,  R  is  varied 
from  6  to  20  cm  and  it  is  assumed  that  ^^=5  mrad  and 
F  =  150  cm  for  ZDT  and  WGT  {ox  for  BTSF).  As 

illustrated  in  Fig.  5,  this  corresponds  to  a  beam  focal  spot 


size  of  d^F-QJS  cm.  As  is  discussed  in  Sec.  Ill,  the  spot 
size  for  BTSF  is  also  F ^6^-015  cm,  where  F^  is  the  focal 
length  of  the  solenoidal  lens.  The  target  radius  should  be 
somewhat  larger  and  is  assumed  to  be  r,=  1  cm.  One  excep¬ 
tion  to  these  values  occurs  for  BTSF  when  the  achromatic 
matching  condition  is  used  to  determine  A.  These  parameter 
values  are  typical  of  those  determined  in  previous  LMF  de¬ 
sign  studies. 

Table  I  shows  the  values  of  V(0),  V(t^),  7,  /jo»  ^ 
for  the  diode  voltage  wave  forms  that  are  considered.  These 
diode  voltage  waveforms  are  given  by  Eq.  (7)  with  appropri¬ 
ate  values  of  a,  V(0),  and  7  from  Table  I.  The  ion  current  in 
the  diode  and  the  ion  power  in  the  diode, 

PAt)=i,{i)Vit)=i,oV\t)/vl, 

are  obtained  from  Eq.  (2)  for  I^(t)  with  I^q  given  in  Table  1 
and  Jt  =  2.  The  values  for  Oq  given  in  Table  I  are  needed  in 
Eq.  (6)  for  the  steering  angle  to  calculate  the  effect  on  7]j  of 
focus  sweeping.  For  the  cases  where  the  achromatic  match¬ 
ing  condition  is  satisfied  for  BTSF,  A  is  different  from  4  cm. 
For  these  cases,  the  values  of  6q  given  in  Table  I  must  be 
appropriately  adjusted  by  multiplying  by  the  actual  A  in  cen¬ 
timeters  and  dividing  by  4  cm.  Note  that  EJN  varies  from 
0.33  to  3  MJ/module  for  the  range  of  values  considered  for 
E^  and  N,  This  implies  from  Table  I  that  both  J^q  and  BqR 
will  vary  by  as  much  as  a  factor  of  27. 


III.  BALUST1C  TRANSPORT  WITH  SOLENOIDAL 
LENS  FOCUSING 


For  BTSF,  the  beam  is  extracted  from  the  diode  parallel 
to  the  axis  as  shown  in  Fig.  4  and  is  maintained  at  large 
radius  for  a  propagation  distance  7  =  250  cm.  Then  the  so¬ 
lenoidal  lens,  which  is  located  in  the  target  chamber  wall, 
focuses  the  beam  over  a  distance  F^=  150  cm  onto  a  target 
of  radius  r,.  F^  is  chosen  as  the  smallest  practical  target 
chamber  radius  in  order  to  maximize  allowable  0^  values, 
where  F^6^  should  be  less  than  r,  so  that  most  of  the  beam 
strikes  the  target.  Beam-induced  breakdown  of  the  back¬ 
ground  gas  provides  beam  charge  and  current 
neutralization,^^  which  is  assumed  to  be  complete.  This  sys¬ 
tem  is  illustrated  in  Fig.  1. 

The  focal  length  of  the  solenoidal  lens  is  given  by’ 


(13) 


where  u{t)  =  [2eZjV{t)/m^Y^^  is  the  ion  speed  and 
(jj^^eZiB^oIrriiC  is  the  ion  cyclotron  frequency.  The 
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magncuc-iiciu  ij  lu  ^--v/  w*** 

length  at  Vq  for  the  solenoid  length  £,j  =  30  cm  used  here. 
Typically,  B^o  (the  magnetic-field  strength  on  axis  at  the  cen¬ 
ter  of  the  solenoid)  is  about  20  kG.  With  voltage  ramping  for 
TOF  bunching,  ions  at  the  head  and  tail  of  the  beam  will 
have  a  slightly  different  solenoidal  lens  focal  length.  Tuning 
the  lens  to  the  average  voltage  Vq  maximizes  the  time- 
integrated  transport  efficiency  by  minimizing  the  variation  in 
focal  length  over  the  pulse. 

The  parameters  of  the  diode  and  solenoidal  lens  pair  can 
be  matched  to  further  minimize  chromatic  effects  due  to  the 
TOF  voltage  ramp.  The  total  ion  bending  angle  of  the  diode 
and  solenoidal  lens  is  6-j-=  0f~  r/F , .  Assuming  that  the  di¬ 
ode  voltage  can  be  written  as  F(/)  =  Vo[l -b  ^(01.  where 
Of  can  be  expanded  in  powers  of  S.  Using  Eq.  (6)  for 
with  F=»  and  Eq.  (13)  for  f,,  yields 


00 


<S(r)-bO(5^), 

(14) 


where  F^=AvIIoj]Lj  is  the  solenoidal  lens  focal  length  for 
Vo  and  Vo==(2eZjVo/mi)''^.  The  diode  and  solenoidal  lens 
would  comprise  an  achromatic  lens  pair  to  first  order  in  5(/) 
if  the  coefficient  of  S{t)  [i.e.,  the  terms  in  the  square  brackets 
in  Eq.  (14)]  could  be  set  equal  to  zero.  However,  the  beam  is 
annular  rather  than  solid  so  that  the  terms  in  coefficient  vary 
differently  in  r.  Thus,  the  lens  pair  can  only  be  made  achro¬ 
matic  for  one  value  of  r.  Since  the  individual  terms  in  the 
coefficient  of  S{t)  are  largest  for  r  =  F  in  the  range  of  inter¬ 
est  (i.e.,  RI2^r^R),  the  lens  pair  should  be  matched  at 
r  =  fi.  This  choice  also  maximizes  the  number  of  ions  which 
are  focused  achromatically,  because  V,  is  uniform.  For  r=R, 
the  matching  condition  becomes 


4F 


00  = 


3FJk-\) 


(15) 


where  Oq  is  given  in  Eq.  (4).  Note  also  that  ^>1/2  is  re¬ 
quired  for  achromatic  matching.  For  the  BTSF  system  dis¬ 
cussed  here  (Vq=30  MV,  F5o=150  cm,  k  =  2,  Z^=l,  and 
m.=  lmp,  where  is  the  proton  mass),  this  results  in  the 
condition 


0.047F^ 


(16) 


where  /^q' with  the  choices  of  a,  and  N  (see 
Table  I). 

Substituting  the  matched  value  of  Oq  from  Eq.  (15)  into 
Eq.  (14)  yields  the  total  focusing  angle  for  the  achromati¬ 
cally  matched  system  df„  which  is  given  by 


S{t)  +  0(S^). 


(17) 


Because  the  BTSF  system  is  nearly  achromatic  under  these 
conditions,  the  reduction  in  77,  due  to  focus  sweeping  should 
be  less  for  BTSF  than  for  either  ZDT  or  WGT.  Note  that  the 
coefficient  of  S  vanishes  for  r  =  R  so  that  the  system  is  ach¬ 
romatic  to  first  order  in  5 for  r=F.  For  r<F,  the  coefficient 
is  positive.  Since  S<0  at  the  beginning  of  the  pulse  and  ^0 


outward  (i.e.,  away  from  the  diode)  in  time  for  ions  with 
r<R  for  BTSF.  This  is  opposite  to  the  inward  focus  sweep 
(i.e.,  toward  the  diode)  due  to  the  diode  steering  angle  alone 
(see  discussion  of  Fig.  6)  before  the  beam  passes  through  the 
solenoidal  lens. 

As  discussed  in  Sec.  II,  two  cases  are  examined  for 
BTSF.  The  first  case  assumes  that  the  angular  momentum 
and  the  achromatic  matching  conditions  can  be  satisfied 
separately  and  thus  determines  the  optimum  BTSF  perfor¬ 
mance  without  constraining  the  choice  of  diode  radius.  For 
this  first  case,  the  effective  A  (or  matched  value)  is  set  by  Eq. 
(16).  Note  that  in  this  case  the  value  of  A  increases  as  R^. 
The  second  case  assumes  there  is  one  foil  placed  at  the  same 
fixed  value  of  A  (set  by  the  angular  momentum  condition)  as 
used  for  ZDT  and  WGT.  In  this  case,  A =4  cm  and  does  not 
vary  with  R.  In  this  study  the  achromatic  matching  condition 
is  only  satisfied  at  one  diode  radius  for  a  given  system  and 
shows  how  rapidly  transport  efficiency  drops  off  away  from 
this  matched  radius  because  of  chromatic  effects. 

The  code  ATHETA^  is  used  to  create  the  solenoidal 
magnetic-field  map  used  for  the  transport  efficiency  calcula¬ 
tions.  Flux  excluding  shields  are  used  on  either  side  of  the 
solenoid  to  confine  the  field  to  the  vicinity  of  the  lens.  These 
shields  have  an  inner  radius  of  5R,/6  and  extend  radially 
outward  for  25  cm.  The  diode  region  is  protected  from  the 
target  blast  by  a  center  plug  in  the  solenoid  (not  shown  in 
Fig.  1).  The  outer  radius  of  this  plug  is  determined  by  the 
line  of  sight  from  the  center  of  the  target  chamber  to  the 
outer  edge  of  the  diode.  Ions  at  small  radius  are  removed 
from  the  beam  if  they  strike  this  plug. 

In  addition  to  chromatic  effects,  nonideal  lens  effects  can 
reduce  transport  efficiency.  For  the  magnetic-field  structure 
used  here,  the  radial  gradient  in  significantly  alters  the 
focal  length  of  ions  which  pass  through  the  lens  at  a  radius 
greater  than  about  F,/3.’  Thus,  the  solenoid  radius  is  gener¬ 
ally  set  at  /?j  =  3/?.  However,  packing  constraints  in  the  tar¬ 
get  chamber  wall  limit  R,  to  a  value  of  2F„(JIN)''^,  where 
/  is  the  fraction  of  the  target  chamber  surface  area  which  is 
enclosed  by  the  N  solenoids.  For  the  cases  considered  here 
and  assuming  /=0.5,  R^  is  limited  to  45  cm  for  /?>15  cm 
with  N=20  and  to  36  cm  for  12  cm  with  N=  30.  Cases 
considered  with  10  are  unaffected  by  this  packing  con¬ 
straint. 

Figure  6  illustrates  beam  transport,  focusing,  and  bunch¬ 
ing  for  BTSF.  The  plot  shows  rP{r,z)  (i.e.,  the  beam  power 
density  multiplied  by  r)  for  the  beam  pulse  at  four  times 
during  transport  for  the  matched  beam  case  [A =9.44  cm 
from  Eq.  (16)]  with  Af=20,  £,  =  20  MJ,  £  =  15  cm,  and 
a=2.  Because  the  beam  radius  changes  by  an  order  of  mag¬ 
nitude,  rP{r,z)  is  plotted  rather  than  F(r,z)  for  ease  of 
viewing  in  cylindrical  geometry.  Ions  which  hit  the  center 
plug  are  lost  and  not  included  in  calculating  P(r,z).  The  first 
snapshot  on  the  left-hand  side  shows  the  beam  as  it  exits  the 
diode.  The  second  snapshot  shows  the  beam  in  the  ballistic 
drift  region.  Note  that,  due  to  the  diode  focus  sweep  [sec  Eq. 
(6)],  the  front  of  the  beam  is  expanding  outward,  while  the 
tail  is  compressing.  The  third  snapshot  shows  the  beam  as  it 
is  exiting  the  solenoidal  lens,  and  the  fourth  snapshot  shows 


J.  Appl.  Phys..  Vol.  75,  No.  9.  1  May  1994 


Ottinger,  Rose,  and  Olson  4407 


p 


80 

60 

40 

20 


p 

II 

1 

a  =  2 

a  =  3 

BTSF 

N  =  20  modules 

R=  15  cm 

A  =  matched 

10 


20 

Es  (WJ) 


30 


FIG.  6.  Plot  of  rF(r,2)  at  four  snapshots  in  time  during  transport  for  BTSF. 
The  diode,  solenoidal  lens,  and  target  arc  located  at  2  =  0,  2.5,  and  4  m, 
respectively.  This  case  correspond  to  ^=20.  £,=20  MJ,  /?=  15  cm,  a=2, 
and  A  is  matched. 

the  beam  as  it  is  passing  through  the  target  region.  The  center 
of  the  lens  is  at  2.5  m  and  the  target  is  at  4  m.  For  BTSF,  the 
power  density  increases  rapidly  near  the  target  where  the 
beam  both  bunches  and  focuses.  Although  the  20  000  par¬ 
ticles  used  in  these  simulations  provide  good  statistics  for 
calculated  rj, ,  the  power  density  plots  are  somewhat  statisti¬ 
cally  noisy  because  these  particles  are  distributed  over  a 
large  number  of  grid  cells  in  two  dimensions.  Since  these 
plots  are  only  meant  to  illustrate  the  basic  features  of  BTSF, 
no  attempt  was  made  to  smooth  the  data  or  reduce  the  noise 
with  more  particles.  The  power  density  plots  for  ZDT  .and 
WGT  exhibit  similar  statistical  noise. 

Figure  7  shows  results  of  77,  calculations  for  the  first 
BTSF  case  where  A  is  matched  to  satisfy  Eq.  (16)  for  the 
achromatic  focusing  condition.  The  cases  shown  are  for 
iV=20  and  £,=  20  MJ,  and  the  three  curves  correspond  to 
bunching  factors  of  a=l,  2,  and  3.  The  points  refer  to  the 
actual  simulation  results,  while  the  lines  are  smooth  curve 
fits.  The  fall  off  in  17,  for  £>  15  cm  with  a=l  is  caused  by 
the  packing  constraint  which  limits  £,  to  45  cm  for  ^=20. 
The  drop  off  in  efficiency  as  a  increases  is  due  to  the  focus 
sweep  effect,  and  is  no  more  than  about  13%  for  of=2  and 


FIG.  8.  Plot  of  7,  vs  E,  with  = 20  and  R  =  15  cm  for  the  first  BTSF  case 
where  A  is  matched.  The  individual  curves  are  for  a=  1,  2,  and  3. 


about  28%  for  a=3.  As  shown  in  Fig.  7,  the  focus  sweep 
effect  reduces  77,  at  £  =  15  cm  from  97.4%  for  the  case  v,-ith 
no  focus  sweep  (i.e.,  a=  1)  to  84.3%  for  a=2  and  70.2%  for 
a=3.  Figure  8  shows  that  77,  varies  very  little  over  the  range 
of  £,  under  consideration  for  a  matched  system  with  N=1Q 
and  £  =  15  cm,  and  Fig.  9  shows  that  77,  drops  slightly  as  S 
increases  from  10  to  30  modules  for  a  matched  system  with 
£,=20  MJ  and  £  =  15  cm.  This  slight  drop  results  from  the 
packing  constraint  which  limits  £, . 

For  the  second  BTSF  case,  A  is  fixed  at  4  cm  so  that 
each  system  is  achromatically  matched  for  only  one  value  of 
R.  For  N=20  and  £,=20  MJ,  Eq.  (16)  shows  that  this 
matched  radius  is£  =  9.76  cm  for  a=2  and£  =  8.04  cm  for 
a=3.  Figure  10  shows  the  calculated  values  of  77,  for  this 
case.  As  expected,  the  values  of  77,  for  a>l  are  lower  than 
those  shown  in  Fig.  7  for  all  values  of  R  except  those  near 
the  matched  radii  quoted  above.  For  example,  at  /?=  15  cm 
77,  is  78.5%  for  a=2  and  54.5%  for  a=3  when  A=4  cm. 
compared  with  84.2%  and  70.2%,  respectively,  when  the  A  is 
matched.  Although  the  reduction  is  not  severe,  mismatching 
A  can  significantly  affect  77,  with  the  effect  worse  for  larger 
a. 


no.  7.  Plot  of  7,  vs  R  vnlh  N=2Q  and  £,=20  MJ  for  the  first  BTSF  case 
where  A  is  matched.  The  individual  curves  are  for  ar=l,  2,  and  3. 


FIG.  9.  Plot  of  7,  vs  Af  with  £,=  20  MJ  and  R  =  1 5  cm  for  the  first  BTSF 
case  where  A  is  matched.  The  individual  curves  art  for  a=  1 .  2,  and  3. 
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no.  10.  Plot  of  >7,  vs  R  with  AT  =20  and  £,  =  20  MJ  for  the  second  BTSF 
where  cm.  The  individual  curves  are  for  a—  1,  2,  and  3. 


IV.  BALLISTIC  FOCUSING  WITH  Z-DISCHARGE 
TRANSPORT 

For  ZDT,  the  anode  is  shaped  to  ballistically  focus  the 
beam  onto  the  aperture  of  the  transport  channel  located  a 
distance  f  from  the  diode.  The  ZDT  system  is  illustrated  in 
Fig.  2  and  diode  extraction  geometry  is  illustrated  in  Fig.  5. 
For  ZDT,  A  is  fixed  at  4  cm.  Inside  the  channel,  the  magnetic 
field  associated  with  the  discharge  current  radially  confines 
the  ions.  Once  focused,  the  beam  then  propagates  down  the 
channel  with  a  small  radius  on  the  order  of  the  target  size.  At 
the  exit,  the  beam  expands  slightly  over  the  pellet  standoff 
distance  d.  The  low-mass  current  return  wall  provides  stabil¬ 
ity  for  the  discharge  and  results  in  a  small  but  tolerable 
amount  of  debris  for  LMF."  Unlike  the  BTSF  case  where  F 
is  restricted  by  the  target  chamber  size,  F  is  allowed  to  vary 
for  ZDT  to  maintain  a  channel  size  on  the  order  of  the  target 
size  as  0^  varies.  Thus,  the  aperture  radius  is  chosen  to  be 
;-^  =  f  so  that  at  Vq  the  full  beam  enters  the  channel.  To 
allow  for  trapping  of  the  expanding  portion  of  the  beam,®  the 
channel  radius  is  generally  chosen  so  that  r^  —  2.r^.  Here, 

1  cm,  which  is  sli^lly  smaller  than  1.06 

cm  for  F=  150  cm  and  0^=5  mrad.  Finally,  a  typical  chan¬ 
nel  current  of  7^=  40  kA  is  chosen,  which  confines  the  entire 
beam  for  a=l  and  7?^  10.5  cm.®  As  R  increases  beyond 
10.5  cm  ions  will  be  lost  to  the  channel  wall. 

Because  of  the  time  dependence  of  6^  when  TOF  bunch¬ 
ing  is  required  (a>l),  the  axial  location  of  the  focus  sweeps 
inward  in  time.  Early  in  the  pulse  the  beam  is  focused  be¬ 
yond  the  channel  entrance,  at  Vq  it  is  focused  at  the  aperture, 
and  late  in  the  pulse  it  is  focused  before  the  aperture.  Thus, 
early  and  late  in  the  pulse  some  ions  will  strike  the  aperture 
and  be  lost.  This  focus  sweep  effect  reduces  77,  for  a>l. 
First,  the  focus  sweep  effect  on  77,  is  calculated  for  the  stan¬ 
dard  system  described  above.  At  the  end  of  this  section,  an 
alternative  ZDT  system  is  considered  which  reduces  the  fo¬ 
cus  sweep  effect  at  the  expense  of  requiring  a  higher  channel 
current. 

For  these  calculations,  the  discharge  current  density  is 
assumed  to  be  uniform  and  complete  beam  charge  and  cur¬ 
rent  neutralization  is  assumed  in  both  the  gas-filled  ballistic 
focusing  region  and  in  the  transport  channel.  Packing  con- 


FIG.  11.  Plot  of  rp{r,z)  at  four  snapshots  in  time  during  transport  for  ZDT. 
The  diode,  channel  entrance,  and  target  arc  located  at  2  =  0,  1.5,  and  4  m. 
respectively.  This  case  correspond  to  A^=20,  £,  =  20  MJ,  7^  =  40  kA, 
£  =  15  cm,  and  ar=2. 

siderations  determine  a  standoff  distance  of  J  = 
between  the  channel  exit  and  the  target.®  The  length  of  the 
transport  channel  is  given  by  J  and  is  on  the  order  of 

about  250  cm. 

Figure  11  shows  a  plot  of  rP{r,z)  at  four  snapshots  in 
time  during  transport  for  ZDT.  Ions  which  hit  the  aperture  or 
the  channel  wall  are  lost  and  are  not  included  in  calculating 
P(r,z)  beyond  the  point  where  they  are  lost.  The  diode, 
channel  entrance,  and  target  are  located  at  2  =  0,  1.5,  and  4 
m,  respectively.  This  case  corresponds  to  iV=20,  £,=  20 
MJ,  7^  =  40  kA,  P=15  cm,  and  a=2.  Note  that  the  beam 
focuses  as  it  leaves  the  diode  and  then  is  transported  at  small 
radius.  Unlike  the  BTSF  case,  rP{r,z)  increases  first  near 
the  channel  aperture  where  the  beam  focuses  and  continues 
to  increase  as  the  beam  bunches  approaching  the  target. 

The  calculated  transport  efficiency  for  ZDT  is  plotted  as 
a  function  of  R  in  Fig.  12  for  the  case  with  77  =  20,  £,=  20 
MJ,  and  7^  =  40  kA.  The  individual  curves  are  for  a=l,  2, 
and  3.  Since  ZDT  is  not  achromatic  the  drop  off  in  77^  due  to 
the  focus  sweep  effect  is  significant.  This  is  particularly  evi¬ 
dent  for  small  R  where  diode  bending  is  accentuated  by  the 
large  self-fields  in  the  diode  which  scale  as  HR  (see  in 


FIG.  12.  Plot  of  ijt  vs  R  with  A/’=20,  £,  =  20  MJ,  and  7^  =  40  kA  for  ZDT. 
The  individual  curves  are  for  Qr=l,  2,  and  3. 
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FIG.  13.  Plot  of  ?7,  vs  with  20, /?=  15  cm  and  7^  =  40  kA  for  2^T.  FIG.  15.  Plot  of  F*{R)  from  Eq.  (18).  The  individual  curves  arc  for 
The  individual  curves  arc  for  a=l,  2,  and  3.  a=2  and  3. 


Table  I).  The  drop  off  in  77,  at  large  R  is  due  to  losses  to  the 
channel  wall  at  fixed  as  the  ion  transverse  velocity 
{Vr^R/F)  increases.  High  efficiency  can  be  extended  to 
larger  R  by  increasing  (to  reduce  losses  to  the  wall),  how¬ 
ever,  more  rapid  beam  expansion  in  the  stand-off  region 
eventually  limits  this.® 

As  shown  in  Fig.  12,  the  focus  sweep  effect  reduces  77, 
at  /?=  15  cm  from  86.6%  for  the  case  with  no  focus  sweep 
(i.e.,  a=l)  to  71.9%  for  a=2  and  66.7%  for  a=3.  The  pack¬ 
ing  constraint  has  little  effect  on  ZDT  transport  efficiency. 
Figure  13  shows  the  variation  of  77,  with  for  the  case  with 
N  =  20,  R  =  15  cm,  and  7^=40  kA.  The  individual  curves 
are  for  a=  1,  2,  and  3.  The  focus  sweep  effect  increases  as 
increases  because  the  time  variation  in  the  steering  angle  as 
shown  in  Eq.  (6)  is  proportional  to  Oq  which  scales  as  (see 
Table  I).  Figure  14  shows  the  variation  of  77,  with  N  for  the 
case  with  £,  =  20  MJ,  £  =  15  cm,  and  /^= 40  kA.  The  focus 
sweep  effect  increases  as  N  decreases  because  scales  as 
1/^  (see  Table  I).  The  variations  of  77,  with  £,  and  N  are 
more  pronounced  for  ZDT  compared  with  BTSF  because 
ZDT  is  not  achromatic. 

An  alternative  ZDT  system  can  be  designed  which  re¬ 
duces  the  focus  sweep  effect;  however,  higher  channel  cur¬ 
rent  is  required.  If  F  were  reduced  to  F*(R)  so  that  the 


FIG,  14.  Plot  of  17,  vs  N  with  £,  =  20  MJ,  £  =  15  cm  and  7^  =  40  kA  for 
ZDT.  The  individual  curves  arc  for  a=  1,  2,  and  3. 


largest  spot  size  at  £*(£)  during  the  pulse  were  less  than  the 
aperture  size,  then  ion  losses  to  the  aperture  could  be  elimi¬ 
nated;  however,  would  have  to  be  increased  to  confine  the 
larger  transverse  energy  of  the  beam  ions.  A  similar  approach 
could  also  be  appropriate  for  WGT.  In  Sec.  V,  however,  it  is 
shown  that  the  larger  wire  radius  required  to  avoid  melting 
the  wire  with  the  larger  current  will  severely  reduce  77,  for 
WGT.  The  maximum  beam  radius  at  a  fixed  F*{R)  occurs  at 
t  =  and  is  given  by 

r^^  =  R-e,(R,T,)F*{R)+e^F*{R). 

Substituting  for  ^j(£,r,)  from  Eq.  (6)  and  solving  for 
£♦(/?),  yields 


F*{R)  = 


(rjej 


(18) 


where  ^o(^)  ^^e  given  in  Table  I  for  the  cases 

considered  here.  Figure  15  shows  a  plot  of  £*(£)  for  ar=2 
and  3.  Since  Vr^RiF  and  the  channel  (or  wire)  current  re¬ 


quired  to  confine  the  beam®’  scales  as  ^'-{RIFy,  the 
channel  (or  wire)  current  should  be  scaled  up  by 
[f/F*(/?)]^  so  that 


IUR)  = 


1  + 


3^0 


-1 


(19) 


where  again  ^o(^)  ^re  given  in  Table  I  for  the 

cases  considered  here.  The  new  channel  (wire)  current 
is  plotted  in  Fig.  16.  This  current  increases  with  a 
and  becomes  prohibitively  large  for  small  £. 

The  transport  efficiency  is  plotted- as  a  function  of  R  with 
//=20  and  £,  =  20  MJ  for  ZDT  with  /,  =  /*(/?)  and 
£=£*(£)  in  Fig.  17.  The  individual  curves  are  for  a=l,  2, 
and  3.  As  expected,  by  eliminating  the  losses  to  the  aperture 
the  transport  efficiency  for  both  the  a=2  and  a=3  cases 
approach  that  of  the  a=  1  case.  This  is  accomplished  at  the 
expense  of  higher  channel  current.  Results  of  Ref.  11  suggest 
that  the  ZDT  channel  current  may  be  limited  by  engineering 
and  physics  considerations  to  about  100  kA  for  low-mass 
wall-stabilized  channels  appropriate  for  LMF.  Thus,  this 
technique  may  only  be  useful  for  ZDT  at  large  R  where  little 
improvement  in  77,  is  seen. 
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FIG.  16.  Plot  of  individual  curves  arc  for 

a— 2  and  3, 


V.  BALLISTIC  FOCUSING  WITH  WIRE-GUIDED 
TRANSPORT 

The  WGT  system  is  similar  to  the  ZDT  system  and  is 
illustrated  in  Fig.  3.  The  anode  is  shaped  to  ballistically  focus 
the  beam  onto  the  aperture  of  the  transport  system  located  a 
distance  F  from  the  diode.  The  diode  extraction  geometry  is 
illustrated  in  Fig.  5  with  A  fixed  at  4  cm.  Inside  the  transport 
system,  the  magnetic  field  associated  with  the  current  in  the 
gas-embedded  central  guide  wire  confines  the  ion  beam  to  a 
small  radius  on  the  order  of  r, .  The  focal  distance  and  aper¬ 
ture  size  are  chosen  for  a  given  in  the  same  way  as  for 
ZDT  so  that  r„  =  F0^.  For  WGT,  there  is  no  confining  wall 
and  the  transported  beam  radius  is  given  by’ 

where  Vy^^lZelJm^c^,  Beam-induced  breakdown  of  the 
gas  in  the  ballistic  focusing  region  and  in  the  gas  surround¬ 
ing  the  guide  wire  results  in  beam  charge  and  cunent  neu¬ 
tralization  during  transport.  Ions  with  small  angular  momen- 


FIG.  17.  Plot  of  77,  vs  R  with  ;V=20  and  £,=  20  MJ  for  ZDT  with 
=  /*(/?)  and  F-F*(R).  The  individual  curves  arc  for  a=l,  X  and  3. 


FIG.  18.  Plot  of  rF(r,z)  at  four  snapshots  in  time  during  transport  for 
WGT.  The  diode,  transport  system  entrance,  and  target  arc  located  at  2  =  0, 
1.5,  and  4  m,  respectively.  This  case  correspond  to  //  =  20,  £,=  20  MJ, 
/,^  =  40  kA,  £=  15  cm,  and  a=2. 


turn  hit  the  wire  and  are  lost.  The  wire  radius  is  specified  as 
the  minimum  radius  required  to  avoid  melting  and  is  given 
by’ 

r„  =  5.6X10"^/i,'^  (kA).  (21) 

For  the  standard  case  where  the  wire  current  is  /h,  =  40  kA, 
=  0.035  cm.  Return-current  wires  are  placed  around  the 
central  guide  wire  at  a  radius  of  about  1.4r^  in  order  to 
minimize  losses  due  to  chaotic  orbit  effects  while  maintain¬ 
ing  as  compact  as  possible  WGT  system  radius  for  packing.^ 
Because  the  return  wires  are  placed  at  1.4r^,  the  standoff 
distance  becomes  for  WGT,’  which  is  2^^  times 

larger  than  the  standoff  required  for  ZDT.®  At  the  exit,  the 
beam  expands  over  this  pellet  standoff  distance.  The  length 
of  the  transport  system  is  given  by  D-F  —  d  and  is  on  the 
order  of  about  250  cm. 

As  with  ZDT,  the  axial  location  of  the  focus  sweeps 
inward  in  time  for  WGT.  For  a>l,  early  and  late  in  the  pulse 
some  ions  strike  the  aperture  and  are  lost.  First,  the  focus 
sweep  effect  on  77,  is  calculated  for  the  standard  WGT  sys¬ 
tem  described  above.  At  the  end  of  this  section,  an  alterna¬ 
tive  WGT  system  similar  to  the  alternate  ZDT  system  de¬ 
scribed  in  Sec.  IV  is  considered. 

Figure  18  shows  a  plot  of  rP(r,2)  at  four  snapshots  in 
time  during  transport  for  WGT.  Ions  which  hit  the  aperture  or 
the  guide  wire  are  lost  and  are  not  included  in  calculating 
P(r,2)  beyond  the  point  they  arc  lost.  The  diode,  transport 
system  entrance,  and  target  are  located* at  2  =  0,  1.5,  and  4  m, 
respectively.  This  case  corresponds  to  ^==20,  £^  =  20  MJ, 
7,^  =  40  kA,  £=15  cm,  and  a=2.  Note  that  the  beam  fo¬ 
cuses  as  it  leaves  the  diode  and  then  is  transported  at  small 
radius.  As  with  ZDT,  rP(r,2)  increases  first  near  the  aper¬ 
ture  to  the  transport  system  where  the  beam  focuses  and 
continues  to  increase  as  the  beam  bunches  approaching  the 
target.  Also  note  that  the  beam  expands  in  the  standoff  region 
more  rapidly  for  WGT  than  for  ZDT.  The  more  rapid  expan¬ 
sion  is  a  result  of  larger  transverse  ion  energies  because  of 
the  larger  average  magnetic  field  with  the  centrally  located 
current  in  WGT  than  with  the  distributed  current  in  ZDT.®  ’ 
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no.  19.  Plot  of  7),  vs/?  with ^  =  20,  £,  =  20  MJ,  and  /„  =  40  kA  for  WGT 
The  individual  curves  arc  for  a=  1,  2,  and  3. 


The  calculated  transport  efficiency  for  WGT  is  plotted  as 
a  function  of  in  Fig.  19  for  the  case  with  N- 20,  £,  =  20 
MJ,  and  7,^  =  40  kA.  The  individual  curves  are  for  a=l,  2, 
and  3.  Since  WGT  is  not  achromatic  the  drop  off  in  77,  due  to 
the  focus  sweep  effect  is  significant.  As  with  ZDT,  this  is 
particularly  evident  for  small  R.  Unlike  ZDT,  77,  is  also  re¬ 
duced  at  small  R  because  more  ions  with  small  angular  mo¬ 
mentum  hit  the  central  guide  wire.^  The  drop  off  in  77,  at 
large  R  (at  fixed  7^)  is  due  to  larger  [see  Eq.  (20)],  larger 
d,  and  more  rapid  beam  expansion  in  the  standoff  region 
{v^^RiF)  as  R  increases.  High  efficiency  can  be  extended 
to  larger  R  by  increasing  (to  reduce  r^,),  however,  beam 
expansion  in  the  standoff  region  eventually  limits  this.^  Be¬ 
cause  beam  expansion  is  more  rapid  and  the  standoff  dis¬ 
tance  is  larger  for  WGT  compared  with  ZDT,  increasing 
for  WGT  is  not  as  effective  as  increasing  7^  for  ZDT  in 
extending  high  efficiency  to  larger  R?  In  addition,  a  larger 
wire  radius  is  required  for  higher  to  prevent  melting  the 
wire.  This  increases  the  losses  to  the  wire. 

As  shown  in  Fig.  19,  the  focus  sweep  effect  reduces  77, 
at  7?  =  1 5  cm  from  67.9%  for  the  case  with  no  focus  sweep 
(i.e.,  a=l)  to  57.9%  for  a=2  and  53.6%  for  a=3.  Figure  20 
shows  the  variation  of  77,  with  £,  for  the  case  with  A''  =  20, 


FIG.  20.  Plot  of  77,  vs£,  with  W=  20,/?=  15  cm,  and/,^  =  40  kAfor  WGT. 
The  individual  curves  are  for  a=l,  2,  and  3. 


RG.  21.  Plot  of  77,  vs //with  £,  =  20  MJ,  /?=15  cm,  and  /,,  =  40  kAfor 
WGT.  The  individual  curves  arc  for  a=l,  2,  and  3. 


R=\5  cm,  and  7,„=40  kA.  The  focus  sweep  effect  inaeases 
as  £,  increases  because  the  time  variation  in  the  steering 
angle  [as  shown  in  Eq.  (6)]  is  proportional  to  6q  which  scales 
as  £,  (see  Table  I).  Figure  21  shows  the  variation  of  77,  with 
N  for  the  case  with  £,  =  20  MJ,  R=15  cm,  and  7,^,  =  40  kA. 
The  focus  sweep  effect  increases  as  N  decreases  because  Oq 
scales  as  l/N  (see  Table  I).  As  with  ZDT,  the  variations  of  77^ 
with  £,  and  N  are  more  pronounced  for  WGT  compared  with 
BTSF  because  WGT  is  not  achromatic. 

An  alternative  transport  system,  similar  to  that  discussed 
for  ZDT  at  the  end  of  Sec.  IV,  can  also  be  designed  for  WGT. 
However,  for  WGT  a  larger  wire  radius  is  needed  [see  Eq. 
(21)]  to  avoid  melting  the  wire  with  the  larger  wire  current 
that  is  required.  Because  of  this,  more  ions  will  be  lost  to  the 
wire.  The  transport  efficiency  is  plotted  as  a  function  of  R  in 
Fig.  22  with  77  =  20  and  £,  =  20  MJ  for  WGT  with 
=  7*(£)  from  Eq.  (18)  and  £  =  £*(/?)  from  Eq.  (19).  The 
individual  curves  are  for  a=l,  2,  and  3.  Unlike  ZDT,  elimi¬ 
nating  losses  at  the  aperture  by  this  technique  does  not  im¬ 
prove  the  transport  efficiency  for  either  a=2  and  a=3  cases. 
This  results  from  increased  losses  to  the  wire  and  in  the 
standoff  region. 


no.  22.  Plot  of  Vt  vs  /?  with  //=20  and  £,  =  20  MJ  for  WGT  with 
=  /*(/?)  and  £=£•(/?).  The  individual  curves  arc  for  a=l.  2,  and  3. 
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VI.  SUMMARY  AND  CONCLUSIONS 

Transport  efficiency  has  been  calculated  as  a  function  of 
various  system  parameters  (namely,  R,  a,  £, ,  and  AO  so  that 
LMF  point  designs  can  be  developed  for  BTSF,  ZDT,  and 
WGT  schemes.  Typical  point  design  values  are  6^-5  mrad, 
£=15  cm,  F=150  cm,  £^  =  20  MJ,  A^=20  cm,  a=2, 
r,=  l  cm,  and  r,=  15  ns  for  30  MeV  lithium  ions.  The 
analysis  takes  into  account  target  requirements  and  realistic 
constraints  on  diode  source  brightness,  packing,  and  beam 
transport.  Focus  sweeping  due  to  a  voltage  ramp  for  TOF 
bunching  has  been  considered.  Because  the  standard  BTSF 
system  is  nearly  achromatic,  the  focus  sweep  effect  reduces 
77,  the  least  for  BTSF.  Results  shown  in  Figs.  7,  12,  and  19 
indicate  that  reasonably  high  transport  efficiency  (>50%) 
can  be  obtained  for  all  three  systems  for  bunching  factors  as 
large  as  a=3  with  £^15  cm.  In  particular,  the  point  design 
for  LMF  using  the  base-line  BTSF  system  with  £=15  cm 
and  a=2  is  calculated  to  have  77,=  84%.  At  the  same  values 
of  £  and  a,  the  ZDT  system  has  the  next  highest  77,  (71.9%) 
and  WGT  has  the  lowest  77^  (59.5%).  High  77,  can  be  ex¬ 
tended  to  larger  £  than  displayed  in  Figs.  7,  12,  and  19  by 
increasing  for  BTSF,^  /,  for  ZDT,*  and  /„  for  WGT.’ 
Eventually  this  is  limited  by  the  packing  constraint  for  BTSF 
and  by  the  more  rapid  beam  expansion  in  the  target  standoff 
region  for  ZDT  and  WGT.  WGT  also  suffers  from  higher 
losses  to  the  wire  at  higher  because  of  the  larger  wire 
radius  that  is  required  to  avoid  melting  the  guide  wire. 

The  focus  sweep  effect  increases  as  increases  and  N 
decreases  because  the  time  variation  in  the  steering  angle  is 
proportional  to  '^hich  scales  as  E^/N.  Because  BTSF  is 
nearly  achromatic,  the  variations  of  77,  with  £,  and  N  are 
more  pronounced  for  ZDT  and  WGT  than  for  BTSF.  How¬ 
ever,  77,  remains  acceptably  high  (above  50%)  for  all  three 
transport  systems  over  the  relevant  range  of  values  for  £, 
and  N  when  typical  point  design  values  are  used  for  the  other 
system  parameters. 

A  second  BTSF  system  was  considered  where  A  was 
fixed  at  4  cm  so  that  the  achromatic  matching  condition  is 
only  satisfied  for  one  value  of  £.  This  one  matched  value  of 
£  is  typically  smaller  than  the  desired  value.  Although  the 
focus  sweep  effect  is  larger  at  values  of  £  different  from  that 
one  matched  value,  the  decrease  in  77,  (from  that  obtained  in 
the  achromatically  matched  system)  is  not  prohibitive.  In  the 
future,.adjustments  of  the  solenoidal  lens  magnetic  field  map 
will  be  studied  to  optimize  77,  for  BTSF  with  focus  sweep¬ 
ing. 

Alternate  systems  for  ZDT  and  WGT  were  also  ana¬ 
lyzed.  For  these  systems,  the  beam  was  focused  onto  an  ap¬ 
erture  at  £*  (see  Fig.  15)  so  that  the  beam  spot  size  was 
smaller  than  the  aperture  during  the  entire  pulse.  This  elimi¬ 
nates  losses  to  the  aperture  due  to  the  focus  sweep  effect  at 
the  expense  of  a  larger  cunent  (see  Fig.  16)  which  is 
required  to  confine  the  hotter  (i.e.,  larger  £/£’*)  beam.  High 
77,  is  recovered  for  ZDT,  but  losses  both  to  the  larger  guide 
wire  (required  to  avoid  wire  melting  at  the  higher  I*)  and  in 
the  longer  standoff  region  preclude  improvements  in  77,  for 
WGT.  Results  of  Ref.  11  suggest  that  the  ZDT  channel  cur¬ 
rent  may  be  limited  by  engineering  and  physics  consider¬ 


ations  to  about  100  kA  for  low-mass  wall-stabilized  channels 
appropriate  for  LMF.  Thus,  this  technique  may  only  be  use¬ 
ful  for  ZDT  at  large  £  where  little  improvement  in  77,  is  seen. 
Therefore,  these  alternative  systems  do  not  hold  promise  for 
significant  improvements  in  77,  over  those  obtained  for  the 
standard  ZDT  and  WGT  systems.  In  the  future,  other  varia¬ 
tions  on  the  standard  ZDT  and  WGT  systems  will  be  consid¬ 
ered  to  optimize  77, . 

The  purpose  of  this  article  was  to  evaluate  the  basic 
aspects  of  ion-beam  transport  efficiency  for  LMF  when  TOF 
bunching  is  used.  In  the  future,  other  issues  associated  with  a 
specific  LMF  design  will  have  to  be  addressed  in  order  to 
accurately  determine  77^  for  that  design.  Ion-beam  species 
purity,  waveform  efficiency,  and  beam  energy  losses  during 
transport  have  not  been  considered  and  will  reduce  the  over¬ 
all  efficiency.  Detailed  measurements  of  beam  microdiver¬ 
gence  are  needed  to  provide  an  accurate  model  for  A 
LMF  diode  impedance  model  must  be  defined  to  establish 
the  appropriate  value  for  k  in  Eq.  (3).  Also,  the  details  of  the 
stripping  foil  position  and  anode  shape  need  to  be  worked 
out  so  that  the  effect  of  the  radial  dependence  of  A  can  be 
properly  folded  into  the  calculation  of  77,  for  a  specific  LMF 
diode  design.  And  finally,  the  assumption  of  complete  beam 
current  neutralization  is  very  stringent.  Net  currents  as  small 
as  0.1%  of  the  beam  current  can  have  a  significant  effect  on 
beam  transport  and  77, .  However,  since  a  small  net  current 
acts  on  the  beam  as  a  distributed  lens,  its  effect  on  transport 
can  be  corrected  if  the  net  current  is  predictable.  Work  is 
presently  underway  to  evaluate  beam  cunent  neutralization^ 
for  LMF  applications. 
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TRANSPORT  EFFICIENCY  STUDIES  FOR  LIGHT-ION  INERTIAL 

CONFINEMENT  FUSION 


1.  Introduction 

The  Laboratory  Microfusion  Facility  (LMF)  has  been  proposed  for  the  study  of 
high-gain,  high-yield  inertial  confinement  fusion  (ICF)  targets.'  A  multimodular  light- 
ion  approach,  based  on  Hermes-III  technology,  is  under  investigation.'’^  This  approach 
requires  the  transport  and  focusing  of  a  number  of  intense  ion  beams  over  distances  of 
several  meters  to  a  centrally  located,  high-gain,  high-yield  ICF  target.  The  distance 
between  the  target  and  beam  generators  provides  for  packing  of  the  beam  generators 
around  a  target  chamber  of  >  100  cm  radius,  and  isolation  of  the  diode  hardware  from  the 
explosion.  In  addition,  the  transport  distance  allows  for  time-of-flight  (TOF)  bunching  of 
the  beams  to  achieve  power  multiplication.  Several  beam  transport  and  focusing  schemes 
are  being  evaluated  for  LMF,^*'’  including  ballistic  transport  with  solenoidal  lens  focusing 
(BTSF),^  and  ballistic  focusing  with  z-discharge  transport  (ZDT),^  or  wire-guided 
transport  (WGT).’  The  baseline  approach  for  LMF  utilizes  the  BTSF  scheme  with  a 
ballistic  transport  distance  L  (diode  to  lens)  of  250  cm  and  a  focal  distance  F  (lens  to 
target)  of  150  cm.  The  LMF  system  is  schematically  illustrated  for  BTSF  in  Fig.  1.  The 
alternate  transport  schemes,  ZDT  and  WGT  are  shovm  in  Figs.  2  and  3,  respectively.  In. 
both  of  these  transport  schemes,  the  beam  is  ballistically  focused  over  a  distance  F  of 
150  cm  onto  the  transport  channel  entrance  and  transported  a  distance  L  of  250  cm  to  the 
target.  In  addition  to  these  three  transport  schemes,  self-pinched  transport  has  been 
proposed  for  transporting  intense  ion  beams  for  LMF.*  Since  the  BTSF,  ZDT,  and  WGT 
schemes  have  been  the  most  extensively  studied  to  date,  self-pinched  transport  will  not  be 
discussed  in  this  work.  However,  results  for  self-pinched  transport  should  be  similar  to 
those  of  ZDT. 

Manuscript  approved  August  15,  1994. 


1 


POWER 


Schematic  of  BTSF  system. 
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Schematic  of  ZDT  system. 
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Schematic  of  WGT  system. 


A  previous  analysis^  examined  the  effect  of  time-of-flight  bunching  on  energy 
transport  efficiency,  t),  ,  under  realistic  constraints  on  diode  operation,  beam  transport, 
and  packing.  The  energy  transport  efficiency  t],  is  defined  here  as  the  ratio  of  total  ion 
energy  delivered  to  the  target  to  the  total  ion  energy  produced  in  the  diodes.  This  effort 
extends  the  previous  analysis  to  examine  the  impact  of  systematic  variations  in  several 
key  model  parameters.  These  parameters  include  tuning  the  peak  power  coupling 
between  the  beam  and  the  target,  current  scaling  for  the  diode  impedance  model,  and 
diode  voltage  variations  about  the  ideal  voltage  ramp  for  TOP  bunching.  The  square 
microdivergence  profile  for  the  ion  source  model,  used  in  the  previous  analysis,  has  also 
been  replaced  with  a  Gaussian  microdivergence  profile. 

Power  efficiency  T,  is  defined  as  the  ratio  of  the  instantaneous  transported  ion 
power  on  target  to  the  power  at  that  same  instant  of  an  ideal  bunched  beam  pulse  at  the 
target  location  as  defined  by  the  product  of  current  and  voltage  will  be  given  in  Eqs.  (15) 
and  (16).  Because  of  chromatic  focusing  effects,  T,  changes  in  time  as  the  voltage 
changes.  Typically,  the  achromatic  matching  condition  (for  BTSF)  or  the  ballistic  focal 
length  (for  ZDT  and  WGT)  are  fixed  at  mid-pulse  to  optimize  t],.  In  this  case  F,  peaks 
near  mid-pulse.  However,  F,  can  be  tuned  to  peak  at  other  times  at  the  expense  of  lower 
■q,.  Previous  work’  examined  chromatic  effects  on  r\,  with  power  efficiency  tuned  to 
peak  at  mid-pulse.  Target  design  considerations  indicate  that  peak  power  should  be 
delivered  at  the  end  of  the  pulse.'®  In  this  paper,  the  time  of  peak  power  efficiency  is ' 
varied  between  the  mid-point  and  the  end  of  the  voltage  pulse  to  determine  the  effect  on 
T), .  Results  indicate  that  tuning  the  power  pulse  to  maximize  F,  at  about  three-quarters 
through  the  pulse  provides  high  power  efficiency  at  the  end  of  the  pulse  while  still 
maintaining  high  q,.  For  BTSF,  this  yields  89  %  instantaneous  power  efficiency  at  the 
tail  of  the  pulse  with  q,  of  73  %  for  parameters  of  interest  (I  =  250  cm,  F  =  150  cm,  a 
diode  radius  of  15  cm,  and  a  microdivergence  of  5  mrad)  for  a  system  with  20  modules 
and  20  MJ  of  ion  energy  available  at  the  diodes. 
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Section  II  of  this  paper  reviews  the  ion  source  model  used  in  this  work  and 
highlights  changes  from  the  previous  analysis.  The  effect  on  t|,  due  to  modifying  the 
microdivergence  profile  for  all  three  transport  schemes  is  also  examined  in  this  section. 
In  Sec.  Ill,  the  effect  of  power  efficiency  tuning  on  t],  is  examined.  Section  IV  of  this 
paper  examines  the  impact  on  t],  due  to  variations  in  the  diode  impedance  model  and  the 
diode  voltage  waveform.  This  paper  is  summarized  in  Sec.  V.  Note  that  when 
comparing  two  efficiency  numbers,  absolute  differences  (in  %)  are  quoted  rather  than 
percentage  changes. 

11.  Ion  Source  Model 

The  ion  source  model  is  based  on  the  extraction  applied-5  diode  with  an  annular 
emitting  surface  extending  from  outer  radius  R  to  iimer  radius  R,  =  R/2.  Ions  accelerated 
across  the  vacuum  gap.  A,  in  the  diode  are  bent  toward  the  axis  by  the  self-magnetic  field 
of  the  beam.  For  small  angles,  this  bending  angle  ©i(r,0  is  to^,  where  v(0  is  the  ion 
speed,  and  ©c  is  the  beam  ion  cyclotron  frequency  associated  with  the  self-magnetic  field 
in  the  diode  region  so  that  =  2cZ^/^/ Here,  lj{t)  is  the  ion  current  in  the 
diode,  eZd  and  m,  are  the  beam  ion  charge  in  the  diode  and  the  ion  mass,  and  c  is  the 
speed  of  light.  Uniform  current  density  is  assumed  in  the  annular  emitting  region  of  the 

diode. 

A  stripping  foil  separates  the  diode  vacuum  region  from  the  gas-filled  transport 
region.  Singly  charged  lithium  ions  accelerated  across  the  vacuum  gap  are  stripped  to 
as  they  enter  the  gas-filled  region.  For  applied-5  extraction  diodes,  the  position  and 
shape  of  this  stripping  foil  are  determined  by  ion  beam  angular  momentum 
considerations.  This  topic  is  addressed  in  detail  in  Ref  9.  For  the  purposes  of  this  work, 
the  width  of  the  vacuum  gap.  A,  in  the  BTSF  case  is  deteraiined  solely  from  the 
achromatic  matching  condition^  and  it  will  be  assumed  that  both  achromatic  and  angular 
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momentum  conditions  have  been  satisfied.’  For  ZDT  and  WGT,  it  is  assumed  that  A  is 
fixed  at  4  cm,  independent  of  radius. 

As  illustrated  in  Figs.  4  and  5,  ions  are  assumed  to  leave  the  diode  region 
distributed  in  a  cone  of  half-angle  0^^  about  a  steering  angle  0^  =  0i(r,/)  +  0a(r),  where 
0^  is  the  source  microdivergence,  and  0a(r)  is  due  to  the  anode  surface  shape  (assuming 
no  anode  plasma  motion).  Unlike  the  previous  analysis’,  0^  is  assumed  to  have  a 
Gaussian  profile  in  velocity  space  and  is  independent  of  radius  and  time.  The  impact  of 
this  change  is  discussed  at  the  end  of  this  section.  Figure  4  shows  the  beam  extracted 
parallel  to  the  axis  for  BTSF  and  Fig.  5  shows  a  focused  extraction  of  the  beam 
appropriate  for  ZDT  and  WGT.  Since  0b  varies  as  where  Vj{t)  is  the  diode 

accelerating  voltage,  and  diode  current  scales  as  F*  (typically  k  is  assumed  to  be  2.0),  0<j 
can  compensate  for  0*  at  only  one  point  in  time.  At  this  time,  referred  to  as  the  tuning 
time,  the  instantaneous  power  transport  efficiency  is  optimized.  The  previous  analysis 
used  a  tuning  time  near  mid-pulse,  when  the  average  voltage  Vg  is  reached,  optimizing 
ri,.  For  this  analysis,  the  tuning  time,  expressed  in  terms  of  the  tuned  diode  voltage  , 
is  varied  between  the  middle  and  the  end  of  the  pulse  in  order  to  study  the  impact  of 
changing  the  time  of  optimal  power  efficiency  (delivered  to  the  target)  on  r\, . 

The  ideal  ramped  voltage  and  current  pulses  produced  by  the  diode  are 


VAO  = 


VAO) 


and 


iA>)=h 


do 


vA') 

\  K  y 


(1) 


(2) 
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where  T  is  the  arrival  time  of  the  beam  front  at  the  target,  Vj{0)  is  the  initial  voltage  at 

time  /  =  0,  and  a  is  the  bunching  factor.  The  average  value  of  the  voltage,  is  defined 
as  lrf(0))/2,  where  Xa  is  the  initial  pulse  length  and  is  the  diode  ion  current 

when  V^{t)  =Vo.  A  power  pulse  given  by  Eqs.  (1)  and  (2)  will  time-of-flight  compress  to 
a  pulse  length  of  /  a  at  a  time  T  after  the  start  of  the  pulse. 

The  total  path  length  for  the  beam  from  the  diode  to  the  target  is  Z)  =  v^0)T, 
where  v^O)  =  (2eZ<yF^0)/w,)‘^,  for  a  non-relativistic  beam.  Evaluating  Eq.  (1)  at  /  = 
and  substituting  the  resulting  expression  for  V^{xj)  into  the  definition  of  yields 


VA0)  =  2y,-V,(x,)  = 


0+5^) 


(3) 


where 


(4) 


Equation  (3)  relates  F^(0)  and  for  given  values  of  ^(a,  Xj,  T)  .  Substituting  Eq. 

(3)  into  the  definition  of  D  yields 


J.1 


m^Ep-  ( 1  +  ^ 

4eZAl 


2^ 


J 


(5) 


which  is  a  transcendental  equation  for  T  in  terms  of  given  values  for  m/,  D,  V^,  and 
^(a,T^,7’).  Using  Eq.  (2)  for  I  At)  and  setting  the  total  beam  energy  per  module, 

Ej  =  I lAOWdl  =  , 

0  0 


(6) 


equal  to  EJN  specifies  Ijo  for  given  values  of  ,  N.  k,  and  4(cx,  T)  .  The  system 

energy,  £^,  is  the  total  ion  energy  available  from  the  N  diodes  and  is  related  to  the  energy 
on  target,  £„  by  £,  =  r\,Es  .  Substituting  for  F^(/)  from  Eq.  (1)  into  Eq.  (6)  and 
performing  the  integration  yields 


1,0  = 


(2k  +  \)E^ 
2’‘*'NV,x, 


(7) 


where  ^  is  given  in  Eq.  (4). 

Using  the  assumption  of  uniform  current  density  in  the  annular  diode  and  the 
impedance  model  given  in  Eq.  (2),  ©*  can  be  written  as 


.yt-l/2 


r 

1 


(8) 


where 


3c^R 


eZ^ 


vl/2 


(9) 


Since  is  assumed  fixed  in  time,  Eq.  (8)  will  lead  to  an  inward  sweeping  of  ©^  over 
the  duration  of  the  pulse. 

At  the  tuning  time,  the  steering  angle  is  set  equal  to  -r/F,  so  that  the  beam 

is  ballistically  focused  a  distance  F  from  the  diode  for  ZDT  and  WGT.  For  BTSF,  F  is 
set  equal  to  oo,  so  that  the  beam  is  extracted  parallel  to  the  axis.  Combining  this  condition 
on  the  steering  angle  with  ©*  yields  the  appropriate  anode  shape 


(10) 
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The  beam  ion  steering  angle  defined  previously’,  is  now  modified  to  include  the  voltage 
tuning  parameter,  F,u„e  >  by  combining  Eqs.  (8)  and  (10),  yielding 


0,(r,/)  =  --^+0, 
F 


tune 


\  •'o  ) 


1- 


vA') 

V  Kij'K } 


.  1  ^ 


r 

~R 


4r; 


(11) 


This  equation  combines  both  geometric  anode  shaping  as  well  ^  bending  due  to  self- 
magnetic  field  focusing  of  the  beam  in  the  vacuum ,  region  of  the  diode.  This  form  of 
Eq.  (11)  is  appropriate  for  ZDT  and  WGT.  For  BTSF,  where  the  beam  is  extracted 
parallel  to  the  transport  symmetry  axis  (i.e.,  E'  =  co)  at  the  time  the  voltage  rises  to  Viune » 
the  term  -r/F  in  Eq.  (1 1)  is  set  to  zero. 

For  BTSF,  the  diode  and  solenoidal  lens  can  be  treated  as  an  achromatic  lens  pair 
for  a  particular  value  of  r,  assuming  small  variations  about  the  tumng  voltage,  V^„e.  The 
focal  length  of  the  solenoid  at  the  tuning  voltage  is  given  by^ 


F  = 

^tune 


(12) 


where  L,  is  the  axial  length  of  the  solenoid,  and  \,u„e  is  the  ion  velocity  associated  with 
the  tuning  voltage  .  The  lens  pair  is  matched  for  r  =  i?,  which  maximizes  the 
number  of  ions  chromatically  focused  because  the  diode  is  assumed  to  have  uniform 
current  density.  Following  the  analysis  performed  in  Ref.  9,  the  matching  condition 
becomes 


AR 


v*-l/2 


tune  J 


(13) 
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where  ©o  is  given  by  Eq.  (9),  resulting  in  the  following  expression  for  A, 


(  K  1 

k-Ml 

2(Ar-l/2)/,,/’„,„ 

\  ^/une  ) 

[  J 

(14) 


where  is  given  in  Eq.  (7). 

The  source  microdivergence  for  all  cases  considered  in  Sec.  Ill  and  IV  of  this 
paper  assumes  a  Gaussian  profile,  with  the  half-width,  half-maximum,  0^,  selected  to  be 
5  mrad.  Previous  calculations^’^’^  assumed  a  square  microdivergence  profile  with  a  half¬ 
width  of  ©j,.  Therefore,  additional  losses  in  the  "wings"  (for  ©  >  ©^)  are  expected, 
resulting  in  a  reduction  in  t),.  Since  about  25  %  of  the  ions  reside  in  the  wings, 
additional  losses  could  be  significant.  A  comparison  of  square  and  Gaussian  profiles  for 
each  transport  scheme  is  given  in  Figs.  6-8.  For  these  calculations,  N  =  20  modules, 
Es  =  20  MJ,  a  =  2,  ©^  =  5  mrad,  k=  2,  and  .  Focus  sweep  effects’  (because 

a  >  1)  and  system  design  constraints^’^’’  will  be  the  predominate  mechanisms  governing 
T),  for  these  results.  The  BTSF  scheme,  with  A  matched  according  to  Eq.  (14),  is  shown 
in  Fig.  6.  For  the  cases  shown,  q,  is  reduced  by  12  %  or  less.  The  potential  reduction  in 
q,  due  to  the  use  of  a  Gaussian  microdivergence  profile  is  minimized  in  the  BTSF  case, 
because  the  spot  size  is  smaller  than  the  target  radius.  For  F  =  150  cm  and 
©^  =  5  mrad,  a  spot  size  of  0.75  cm  is  obtained  while  a  target  radius  of  1  cm  is  used. 
This  situation  does  not  apply  to  the  ZDT  (Fig.  7)  and  WGT  (Fig.  8)  schemes  because  the 
beam  is  apertured  down  at  the  entrance  of  the  transport  channel  to  the  spot  size  F©^.  For 
these  cases,  q,  is  reduced  by  at  most  9  %  and  20  %  for  ZDT  and  WGT  respectively.  The 
greater  overall  reduction  in  q,  for  WGT  as  seen  in  Fig.  8  is  a  result  of  the  Gaussian 
distributed  profile  being  forward  peaked.  More  low-angular-momentum  ions  strike  the 
guide  wire  and  are  removed  fi’om  the  beam. 
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Plot  of  Ti,  VS.  R  with  a  =  2  for  BTSF,  comparing  square  (uniform)  and  Gaussian  microdivergence  profiles  with 
0..  =  5  mrad. 


vs.  R  with  a  =  2  for  ZDT,  comparing  square  (uniform)  and  Gaussian  microdivcrgence  profile 


For  the  calculations  presented  here,  it  is  assumed  that  Li^'  ions  zire  accelerated  in 
the  diode  and  are  stripped  to  Li"^^  as  they  pass  through  the  foil.  A  previous  analysis^ 
considered  a  range  of  values  for  N,  and  a.  For  this  work,  these  values  will  be  fixed  at 
Es  =  20  MJ,  N  =  20,  and  a  =  2.  In  addition,  it  will  be  assumed  that  =  30  MV, 
D  =  400  cm,  and  x*  =  15  ns  (so  that  x^  =  30  ns).  In  addition,  R  will  be  varied  for  some 
calculations  between  6  and  20  cm,  with  /?  =  15  cm  used  as  the  baseline  diode  radius.  A 
centrally  located,  spherical  target  of  radius  r,  =  1  cm  is  assumed  at  z  =  Z)  from  each  of  the 
V  diodes. 


III.  Power  Efficiency  Tuning 


ICF  target  design  considerations  indicate  that  peak  power  delivered  to  the  target 
should  occur  at  the  end  of  the  driver  pulse.'®  This  can  be  accomplished  by  tuning  the 
voltage  for  peak  power  efficiency  near  the  end  of  the  pulse.  However,  as  increases 
from  Vg  toward  decreases.  This  section  examines  the  impact  on  Tj,  of  tuning,  or 

moving,  the  time  of  peak  power  later  in  the  pulse. 

Allowing  the  voltage  and  current  waveforms,  Eqs.  (1)  and  (2),  to  evolve  in  time  as 
the  beam  is  projected  ballistically  to  the  target  plane  at  z  =  D ,  yields 


K(T) 


(15) 


and 


j 


(16) 
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for  r</<r+T6.  Here  V,{T)  =  Z^O)  /  Z,  and  /,„  =  account  for  the  stripping 

of  the  beam  from  Li*'  to  Li*^  in  the  diode  region,  before  the  beam  is  transported. 
Equations  (15)  and  (16)  ignore  path  differences  in  the  transverse  components  of  the  beam 
due  to  microdivergence,  focusing,  scattering,  stopping,  etc.  and  assume  100%  transport 
efficiency.  The  product  of  Eqs.  (15)  and  (16)  gives  the  ideal  power  on  target  as  a 
function  of  time.  The  ratio  of  the  instantaneous  power  on  target  to  the  ideal  instantaneous 
power  is  r,. 

The  time  at  which  the  voltage  pulse  rises  to  the  effective  voltage  /Z,  at  the 

target  (due  to  stripping  of  the  beam)  is  t,  ( )  =  T  +  tj{  )  /  a  or 


a-\ 

where 


IM) 

is  the  time  the  voltage  in  the  diode  rises  to 


(17) 


Kune  which  can  be  obtained 


fromEq.  (1). 

For  this  study,  three  different  voltage  tunings  were  considered  at  one-half,  three- 
quarters,  and  the  end  of  the  pulse.  The  voltages  corresponding  to  these  tuning  times  (in 
the  diode)  are  denoted  as  V//2,  Vju,  and  V^/^,  and  are  given  as  29.743  MV,  31.401  MV, 
and  33.201  MV,  respectively  for  a  =  2,  ^  =  2,  =  30  MV,  T  =  148  ns,  E,  =  20  MJ,  and 

V  =  20  modules.  It  should  be  noted  that  *  V,/2  because  the  average  value  of  Eq.  (1). 
over  the  pulse  length  does  not  occur  at  x<//2.  Simulations  calculating  the  instantaneous 
power  efficiency  at  the  tuning  time,  T,'""',  the  instantaneous  power  efficiency  at  the  end 
of  the  pulse,  and  the  total  transported  energy  efficiency,  q,,  were  carried  for  the 
BTSF,  ZDT,  and  WGT  schemes.  A  three-dimensional,  non-relativistic  orbit  code  was 
used  with  20,000  test  particles  to  give  adequate  statistics.  Full  charge  and  current 
neutralization  is  assumed.  For  the  BTSF  scheme,  the  ATHETA  code,  was  used  to 
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generate  the  solenoidal  lens  magnetic  field  maps  used  in  the  orbit  code.  For  these 
simulations,  a  Gaussian  microdivergence  profile  was  used  with  ©jj  =  5  mrad. 

The  impact  on  r|,  of  changing  the  tuning  time  is  qualitatively  illustrated  for  BTSF 
in  Fig.  9  for  /?  =  15  cm,  k  =  2,  and  a  =  2.  This  set  of  plots  shows  the  radius  of  beam 
particles  arriving  at  the  target  position,  z  =  400  cm,  as  a  function  of  time  for  three 
different  tunings.  About  5  %  of  the  total  number  of  particles  used  in  a  typical  simulation 
is  represented  in  these  plots.  Since  each  simulation  particle  is  equally  weighted  in  current 
(but  not  potential),  the  increase  in  power  at  the  tail  of  the  pulse  is  partially  illustrated  in 
Fig.  9  by  an  increase  in  the  number  of  particles  per  time  interval.  Particles  at  or  below 
the  dashed  line  at  r  =  r,  =  1  cm  determine  q,.  It  is  immediately  evident  that  as  is 

selected  to  be  later  in  the  pulse,  more  particles  do  not  strike  the  target,  lowering  q,. 

For  the  BTSF  scheme,  foil  placement  to  achieve  achromatic  matching  is  satisfied 
at  only  one  time  in  the  pulse  (the  tuning  time)  and  is  governed  by  Eq.  (14).  For  each  of 
the  simulations  illustrated  in  Figs.  10-12,  different  magnetic  fields  strengths  had  to  be 
employed  in  order  to  optimally  focus  the  ions  of  velocity  v^,^  onto  the  target.  Figure  10 
plots  at  the  three  different  tuning  voltages.  The  fall  off  in  T/"'"  for  >  15  cm  is  due 
primarily  to  the  packing  constraint  which  limits  the  maximum  solenoidal  lens  radius. 
This  issue  is  discussed  in  detail  in  Ref.  9.  It  is  evident  that  the  same  F/””*  can  be 
achieved  regardless  of  which  of  the  three  tuning  voltages  is  selected.  However,  in 
Fig.  11,  the  instantaneous  power  efficiency  at  the  end  of  the  pulse,  T*"^,  does  depend  on 
the  tuning  voltage  chosen.  Tuning  the  voltage  to  the  middle  of  the  pulse  results  in  a 
reduction  in  by  10  %  on  average  for  /?  =  9  to  18  cm  compared  with  tuning  the 
voltage  to  the  end  of  the  pulse.  Conversely,  the  total  energy  transported  to  the  target  for 
the  V4/4  case  relative  to  the  F//?  case  is  reduced  by  an  average  of  17  %  for  i?  =  9  to  18  cm 
as  illustrated  in  Fig.  12.  It  is  evident  from  this  that  for  BTSF,  selecting  a  tuning  time  at 
three-quarters  of  the  pulse  length  leads  to  only  a  slight  loss  in  q,  while  maintaining  near- 
optinial  power  in  the  tail  of  the  pulse.  For  the  baseline  case  of  /?  =  15  cm,  a  drop  of  6  % 
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Plot  of  beam  particle  radius,  r,  vs.  t  at  the  target  plane,  z  =  400  cm.  Three  different  tuning  times  are  plotted,  i{Vi/2  ), 
t(V3/4 ),  and  t(V4/4  ).  Iri  each  plot,  5  %  of  the  total  number  of  particles  used  in  the  simulation  are  represented.  For  these 
calculations,  R=  \  5  cm,  k  =  2,  a  =  2,  N  =  20,  Ej  =  20  MJ,  and  0^  =  5  mrad. 
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Fig.  10-  Plot  of  r/“"^  vs.  R  for  BTSF.  The  individual  curves  are  for  voltage  tunings  of  V1/2  ,  Vju  ,  and 


in  ri,  results  in  a  14  %  gain  in  when  shifting  the  tuning  from  the  middle  to  three- 
quarters  through  the  pulse.  For  this  baseline  case  with  tuning,  ri,  =  73  %  and 
fend  ^  gp  o/g  maximum  F/"'^  is  90  %  which  occurs  for  the  V4/4  tuning. 

For  ZDT,  A  is  held  constant  at  4  cm.  A  discharge  channel  current,  4,  of  40  kA 
with  a  channel  wall  radius  of  1  cm  was  chosen,  which  confines  the  entire  beam  for  a  =  1 
and  R<  10.5  cm.^  For  R  greater  than  10.5  cm,  ions  are  lost  to  the  channel  wall.  Due  to 
packing  constraints,  the  discharge  channels  must  terminate  at  a  standoff  distance^  from 
the  target  given  by  =  r,(AV2)'^.  For  this  study,  d  =  3.16  cm  and  the  length  of  the 
transport  channel  is  then  D  -  F  -  d  which  is  on  the  order  of  250  cm.  An  aperture  of  inner 
radius  F0^  =  0.75  cm  is  located  at  the  entrance  to  the  discharge  system  at  F. 

As  found  in  the  BTSF  case,  simulations  for  ZDT  indicate  that  F/*'"^  does  not 
change  as  the  tuning  time  is  moved  from  the  middle  to  the  end  of  the  pulse,  as  shown  in 
Fig.  13.  However,  Fig.  14  shows  that  the  focus  sweep  effect  dramatically  reduces  the 
power  in  the  tail  of  the  pulse  for  the  mid-pulse  tuning  time  for  =  6  to  15  cm.  For  this 
same  range  in  R,  the  average  drop  in  t],  that  results  from  moving  the  tuning  from  the 
middle  to  the  end  of  the  pulse  is  14  %.  Figure  15  illustrates  that  over  the  entire  range  of 
R,  that  tuning  to  the  three-quarters  time  in  the  pulse  results  in  an  almost  negligible  loss  in 
T],.  In  particular,  at  /?  =  15  cm,  t|,  was  found  to  be  62  %  for  both  F//7  and  ¥3/4  .  Also 
F,®"^  gained  12  %  to  a  value  of  62  %  out  of  a  maximum  value  of  -  69  Vo  for  the 
jR  =  15  cm  case. 

For  WGT,  a  wire  current,  of  40  kA  was  chosen.  A  wire  radius,  of  0.035  cm 
was  used  throughout  and  is  determined  to  be  the  minimum  radius  required  to  avoid 
melting.’  Return  current  wires  are  placed  at  radius  of  about  1 .4  times  the  average  beam 
radius  in  order  to  minimi2e  losses  due  to  chaotic  orbit  effects  while  maintaining  as 
compact  a  WGT  system  as  possible  for  packing.’  The  standoff  distance  is  about  2.5 
times  that  of  the  ZDT  system,^  with  a  transport  distance  D-F  -d  which  is  on  the  order  of 
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Fig.  14-  Plot  of  vs.  R  for  ZDT.  The  individual  curves  are  for  voltage  tunings  of  Vj/j ,  Vj/^ ,  and  K 


250  cm.  An  aperture  of  radius  FQ^,  =  0.75  cm  is  located  at  the  entrance  to  the  wire 
system  at  F. 

As  for  BTSF  and  ZDT,  simulations  for  WGT  indicate  that  rj'"'"  does  not  change 
as  the  tuning  time  is  moved  from  the  middle  to  the  end  of  the  pulse,  as  shown  iii  Fig.  16. 
In  Fig.  17,  moving  the  tuning  from  the  end  to  the  middle  of  the  pulse  results  in  an  average 
drop  of  13  %  in  over  the  range  i?  =  6  to  20  cm.  As  for  the  BTSF  and  ZDT,  moving 
the  tuning  time  from  mid-pulse  to  three-quarters  of  the  pulse  length  results  in  only  a  small 
average  drop  in  from  peak  values  (about  4  %  for  tuning  at  rather  than  In 

Fig.  18,  this  choice  results  in  virtually  no  change  in.  q,.  The  optimum  case  occurs  for 
7?  =  15  cm  where  q,  =  40  %,  and  F/"^  =  43  %  for  tuning.  The  maximum  F;""^  of 
47  %  occurs  when  7?  =  1 5  cm  with  F4/4  tuning. 

IV.  Impedance  Model  Variations  and  Non-Ideal  Accelerator  Wave  Forms 

The  design  of  the  LMF  applied-B  diode  for  use  in  a  light-ion  LMF  system  is 
currently  being  investigated.  One  possible  design  employs  a  two-stage'^  scheme,  whose 
particular  benefits  include  high  beam  purity,  lower  beam  microdivergence,  control  of 
impedance  behavior,  reduced  accelerating  voltage  per  stage,  and  commensurately  smaller 
insulating  magnetic  fields.  Since  the  actual  impedance  model  of  such  a  diode  is  currently 
under  evaluation,  it  is  desirable  to  consider  the  impact  of  the  diode  impedance  model  on ' 
the  efficiency  results  presented  in  Section  II.  This  is  achieved  by  changing  the  values  of 
k  in  Eq.  (2)  over  a  range  of  values  that  seem  possible  for  a  two-stage  diode  design. 
Figure  19  illustrates  the  dramatic  change  in  A  over  k  in  the  range  0.75  to  2.5,  according  to 
Eq.  (14),  with  F,^^  =  ,  and  7?  =  15  cm.  Note  that  A  scales  as  R\  so  that  for  7?  =  10  cm, 

A  increases  from  3  cm  to  12  cm  as  A:  decreases  from  2.5  to  1.0.  The  actual  placement  of 
individual  foils  to  relax  the  requirements  on  A  is  discussed  elsewhere’’*^  and  is  beyond 
the  scope  of  this  work. 
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Plot  of  A  vs.  k  for  BTSF  matched  case. 


In  Fig.  20.  the  impact  of  varying  k  over  the  range  0.75  to  2.5  is  shown  for  BTSF, 
ZDT.  and  WGT  with  /?  =  15  cm,  0^  =  5  mrad.  a  =  2,  =  30  MV,  and 

^tune  =  150  cm.  For  BTSF,  virtually  no  effect  of  varying  k  is  observed  within  the  range 
0.75  and  2.5,  indicating  that  the  enhanced  focus-sweep  effect  resulting  from  larger  values 
of  k  has  little  effect  on  r),  for  this  nearly  achromatic  system.  The  effect  of  the  target  size 
exceeding  the  spot  size  contributes  to  this  stability  of  ti,.  For  ZDT  and  WGT,  t),  linearly 
decreases  with  increasing  k  for  a  variation  of  1 1  %  and  8  %,  respectively  over  the  range 
of  k  considered.  Therefore,  it  can  be  anticipated  that  the  potential  benefits  of  two-stage 
diodes  can  be  exploited  without  a  significant  change  in  the  results  presented  in  Sec.  II  and 
III.  Since  k  will  most  likely  decrease  for  a  two-stage  diode,  ti,  would  improve  slightly 
for  ZDT  and  WGT. 

Another  issue  of  concern  to  the  design  of  a  light-ion  IGF  system  is  deviation  of 
the  power  pulse  from  the  ideal  waveform  given  by  the  product  of  Eqs.  (1)  and  (2). 
Ramped  voltage  waveforms  produced  by  the  accelerator  that  deviate  from  the  ideal  pulse 
shape  prevent  the  beam  from  time-of-flight  bunching  to  the  optimum  pulse  length  on 
target.  This  may  result  in  insufficient  energy  being  delivered  to  the  target  in  the  optimal 
target  drive  time,  x*.  To  examine  this  issue,  a  small  sinusoidal  oscillation  is  added  to  the 
ideal  voltage  pulse  of  Eq.  (1),  such  that  the  beam  is  launched  as  a  function  of  time  with 
voltage 

^„(0  =  +  sin(27t/r)  ,  (18) 

where  A  is  the  amplitude  (expressed  as  a  percentage  of  the  value  of  F^)  and  /  is  the 
frequency  in  units  of  Hz.  For  this  work,  the  period  of  the  oscillations  are  kept  large  with 
respect  to  the  time  it  takes  an  average  ion  to  cross  the  typical  AK  gap.  This  is  done 
because  the  model  for  the  diode  impedance  given  in  Eq.  (2)  assumes  a  slowly  varying 
dependence  on  voltage.  For  a  gap  of  1  cm  and  typical  ion  velocities  around 
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N  =  20  modules 
Es  =  20  NIJ 


for  /?  =  15  cm.  Individual  curves  are  for  BTSF,  ZDT,  and  WGT. 


Vg  =  {leZjVJm^^'^  =:  2.87  x  10^  cm/s,  an  ion  crosses  the  AK  gap  in  about  1/3  ns. 
Therefore,  only  voltage  oscillation  periods  greater  than  a  few  ns  will  be  considered  here. 

Two  cases  of  non-ideal  power  pulses  are  considered;  (1)  the  ideal  current  in  the 
diode  is  used  with  the  non-ideal  voltage  waveform  [Eqs.  (2)  and  (18)  respectively],  and 
(2)  both  the  current  and  voltage  are  given  a  non-ideal  shape  [Eq.  (18)  and  Eq.  (2)  with 
Vj{t)  replaced  by  V„(t)  from  Eq.  (18)].  For  purposes  of  comparison,  the  total  energy  in 
the  non-ideal  pulse  is  normalized  to  the  total  energy  in  the  ideal  case  by  scaling  the 
magnitude  of  the  current  of  the  non-ideal  to  the  ideal  case.  The  ratio,  y,  of  the  energy  in 
the  ideal  to  the  non-ideal  system. 


<.0 


j  mu 


V  o 


(19) 


is  multiplied  by  l^o  giving  the  current  for  the  non-ideal  cases  as 


4(0  =  4, 


V  / 


(20) 


where  /„<,  =  y  Ijo-  Vd  is  used  in  Eq.  (20)  for  case  (1)  and  V„  is  used  for  case  (2).  The 
current  scaling  is  minimal  (  0.98  <  y  <  1.02  )  for  all  cases  considered  here. 

Oscillations  of  the  initial  voltage  pulse  were  applied  to  all  three  transport  schemes 
for  the  specific  parameters  of  i?  =  15  cm,  a  =  2,  k=  2,  =  30  MV,  V  =  20  modules, 

and  =  5  mrad  (Gaussian).  Calculations  were  performed  for  1//  =  10  ns  over  a  range 

from  =  0  to  .^  =  0.10  .  Two  energy  transport  efficiency  numbers  were  calculated  for 
each  run.  The  first,  r\,,  is  the  total  energy  transport  efficiency  defined  in  Section  I, 
calculated  over  the  entire  power  pulse  delivered  to  the  target,  and  denotes  the  energy 
transport  efficiency  delivered  to  the  target  in  the  15  ns  centered  at  the  middle  of  the 
delivered  power  pulse.  For  each  transport  scheme,  q,  and  qj*  zire  plotted  against  the 
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range  of  A,  illustrating  the  impact  of  non-ideal  bunching  that  is  induced  from  variations  in 
the  power  pulse.  For  the  BTSF  case,  an  additional  investigation  into  the  role  of  the 
frequency,/  is  analyzed  for  a  given  y4. 

Considering  non-ideal  waveforms  for  BTSF,  given  in  Fig.  21,  amplitudes  >  2  % 
can  have  a  noticeable  effect  on  the  energy  delivered  in  the  middle  1 5  ns  of  the  pulse.  The 
combined  effect  of  altered  bending  in  the  diode  from  Eq.  (8)  (with  Vj  replaced  by  V„), 
coupled  with  non-ideal  time-of-flight  pulse  compression,  results  in  additional  energy 
transport  losses  for  /I  >  2  %  and  1//  =  10  ns.  t])'  at  ^  =  2  %  is  70  %,  an  8  %  drop  from 
the  ideal  waveform  calculation,  and  continues  to  fall  off  as  A  increases.  The  solid 
markers  in  Fig.  21  (and  Figs.  23,  24)  at  ^  =  5  %  indicate  data  points  for  case  (2),  while 
the  open  data  points  are  for  case  (1)  described  above.  It  is  can  be  concluded  that  the  non¬ 
ideal  voltage  waveform  drives  a  temporal  spreading  of  the  pulse  that  reduces  t\,  .  Small 
fluctuations  in  voltage  and  current  do  not  significantly  reduce  t|J^  by  defocusing  the 
beam.  Over  the  range  =  0  to  7  %,  ri,  was  essentially  constant  at  78  %  ,  but  falls 
slightly  at  .4  =  10  %,  to  an  ti,  of  75  %. 

Also  for  BTSF,  the  role  of  the  frequency  of  the  oscillations  in  the  reduction  in  t|, 
was  investigated  by  varying  \/f  over  the  range  of  5  to  30  ns  for  A  at  i5  %.  Figures  22  and 
23  show  only  a  small  variation  in  T|,  while  large  variations  in  are  observed.  In 
Fig.  22,  a  small  deviation  in  ii,  of  ±2  %  around  the  value  for  the  ideal  pulse  is  observed 
for  l//<  20  ns.  For  larger  \/f,  the  deviation  in  r\,  from  the  ideal  pulse  begins  to  increase  ‘ 
because  the  frequency  of  oscillation  is  low  enough  to  dominate  the  waveform 
characteristics.  For  example,  when  l//=  30  ns,  exactly  one  sinusoidal  oscillation  occurs 
over  the  pulse  time.  The  systematic  variation  seen  in  Fig.  23  (and  to  a  lesser  extent  in 
Fig.  22)  results  from  this  dominant  effect  on  the  ideal  waveforms  when  the  full  pulse, 
Infzj,  is  close  to  multiples  of  27i.  When  the  frequency  of  the  oscillations  becomes  high 
enough  and  many  oscillations  occur  within  t^,  this  effect  begins  to  smear  out  and  an 
average  reduction  in  is  observed,  resulting  in  an  8  %  drop  in  for  l//<  10  ns.  In 
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Fig.  21  -  Plot  of  r),  vs.  A  for  BTSF  for  non-ideally  bunched  wave  forms  with  R-  15  cm  and  1//  =  10  ns.  Individual  curves  are  for 
r),  (total  energy  efficiency  on  target,  full  pulse)  and  r|{^  (energy  efficiency  on  target  in  the  middle  15  ns  of  the  pulse). 
Hollow  data  points  represent  calculations  for  case  (1)  (non-ideal  voltage)  and  solid  data  points  represent  calculations  for 
case  (2)  (non-ideal  voltage  and  current)  as  discussed  in  the  text.  For  these  cases  V„„,g  =  . 
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Fig.  22-  Plot  of  ri,  vs.  I//  for  BTSF  for  non-ideally  bunched  wave  forms  with  /?  =  15  cm.  Individual  curves  are  for  A  =0  %  (ideal 
pulse),  +5  %,  and  -5  %.  For  these  cases  V„i„g  =  . 
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Plot  of  r|)*  vs.  1//  for  BTSF  for  non-ideally  bunched  wave  forms  with  =  15  cm.  Individual  curves  are  for  / 
(ideal  pulse),  +5  %,  and  -5  %.  For  these  cases  =  V  . 


Fig.  23,  the  curves  for  +A  and  -A  are  almost  symmetric  u'ith  respect  to  each  other  but  on 
average  are  about  8  %  below  that  of  the  ideal  case  (A  =  0). 

For  ZDT  and  WGT,  calculations  similar  to  the  BTSF  case  were  made,  fixing  I// at 
10  ns  and  varying  A  from  0  to  10  %.  Results  for  these  calculations  are  shown  in  Figs.  24 
(ZDT)  and  25  (WGT).  Both  plots  show  a  trend  almost  identical  to  the  BTSF  case,  where 
significant  discrepancies  between  r|,  and  r|J^  begin  at  A  =  2  %.  As  for  the  BTSF  case,  the 
hollow  data  points  in  Figs.  24  and  25  indicate  calculations  for  case  (1)  and  solid  data 
points  represent  calculations  for  case  (2).  For  ZDT  in  Fig.  24,  t],  is  63  %  on  average.  At 
A  =  2  %,  is  57  %,  a  drop  of  6  %  from  the  ideal  case.  As  A  increases,  r|)-^  continues  to 
drop  off  almost  linearly  with  r|J^  =  44  %  at  ^4  =  10  %.  For  WGT  in  Fig.  25,  t),  is  40  ^  on 
average.  Again,  at  A  —  2  %,  t||^  is  36  %,  a  drop  of  only  4  %  from  the  ideal  case.  As  A 
increases,  r|J^  continues  to  drop  off  almost  linearly  with  rij’  =  28  %  at  yf  =  10  %.  These 
results  again  point  to  variations  in  the  voltage  pulse  driving  the  non-ideal  bunching, 
resulting  in  a  reduction  in  TlJ^  The  larger  the  amplitude  of  the  disturbance,  the  longer  the 
final  pulse  duration  will  be. 

V.  Summary  And  Conclusions 

In  this  paper,  transported  power  and  energy  efficiency  studies  have  been  earned 
for  parameters  relevant  to  the  design  of  a  light-ion  LMF.  The  square  microdivergence 
profile  used  in  previous  studies^'^’’*’  has  been  replaced  with  a  Gaussian  profile  that  has  a 
half-width,  half-maximum  0^  =  5  mrad.  Losses  in  r\,  of  25  %  or  less  result  primarily 
from  ions  being  in  the  "wings"  of  the  distribution.  A  comparison  of  q,  between  square 
and  Gaussian  microdivergence  profiles  over  a  range  of  R  is  presented  in  Section  II  for  the 
BTSF,  ZDT,  and  WGT  schemes.  Results  are  shown  in  Figs.  6,  7,  and  8.  For  the 
Gaussian  microdivergence  cases  shown,  q,  is  reduced  from  the  square  microdivergence 
case  by  less  than  12  %  for  BTSF,  9  %  for  ZDT,  and  20  %  for  WGT.  The  reduction  for 
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Fig.  24-  Plot  of  ri,  vs.  for  ZDT  for  non-ideally  bunched  wave  forms  with  /?  =  15  cm  and  1//  =  10  ns.  Individual  curves  are  for 
Tl,  (total  energy  efficiency  on  target,  full  pulse)  and  (energy  efficiency  on  target  in  the  middle  15  ns  of  the  pulse). 
Hollow  data  points  represent  calculations  for  case  (1)  (non-ideal  voltage)  and  solid  data  points  represent  calculations  for 
case  (2)  (non-ideal  voltage  and  current)  as  discussed  in  the  text.  For  these  cases  =  F  . 
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Fig.  25-  Plot  of  r|,  vs.  A  for  WGT  for  non-ideally  bunched  wave  forms  with  /?  =  15  cm  and  1//  =  10  ns.  Individual  curves  are  for 
ri,  (total  energy  efficiency  on  target,  full  pulse)  and  (energy  efficiency  on  target  in  the  middle  15  ns  of  the  pulse). 
Hollow  data  points  represent  calculations  for  case  (1)  (non-ideal  voltage)  and  solid  data  points  represent  calculations  for 
case  (2)  (non-ideal  voltage  and  current)  as  discussed  in  the  text.  For  these  cases  . 


WGT  is  the  largest  because  the  forward  peaked  Gaussian  distribution  produces  more  low- 
angular-momentum  ions  that  strike  the  guide  wire  and  are  removed  from  the  beam.  The 
reduction  for  BTSF  is  minimized  because  the  spot  size  FQ^  is  smaller  that  the  target 
radius. 

The  impact  of  power  efficiency  tuning  on  r],  has  been  examined  for  the  BTSF, 
ZDT,  and  WGT  transport  schemes  for  a  range  of  parameters  that  are  applicable  to  the 
design  of  a  light-ion  LMF  system.  Results  indicate  that  moving  the  point  of  peak  power 
efficiency  to  three-quarters  of  the  pulse  time  results  in  maintaining  a  near  optimal  value 
for  T|,  while  achieving  high  T/"'^  at  the  end  of  the  pulse.  For  the  BTSF  baseline  case  at 
R=  15  cm,  timing  the  power  pulse  to  maximize  T,  at  three-quarters  of  the  pulse  time 
yields  a  T/'”'^  of  89  %  with  an  t),  of  73  %.  This  means  that  only  6  %  of  overall  energy  is 
sacrificed  to  gain  14  %  of  instantaneous  power  at  the  tail  of  pulse.  By  tuning  to  the  end 
of  the  pulse,  only  1  %  more  instantaneous  power  can  be  obtained  at  the  expense  of  an 
additional  17  %  of  energy  loss.  Therefore  tuning  to  the  achieve  instantaneous  power  at 
the  three-quarters  point  in  the  power  pulse  yields  the  optimum  performance  for  this 
system.  This  overall  conclusion  is  the  same  for  the  ZDT  and  WGT  systems. 

In  addition,  the  diode  impedance  model  has  been  systematically  varied  in  order  to 
examine  the  impact  of  current  scaling  with  voltage  on  t],.  The  value  of  the  scaling 
constant,  k,  was  varied  over  a  range  of  values  that  may  result  fi-om  advanced  applied-5 
diode  design,  including  two-stage  diodes.  Because  BTSF  is  an  achromatic  system, 
virtually  no  variation  in  t),  was  found  for  values  of  k  in  the  range  of  0.75  to  2.5,  even 
though  higher  values  of  k  result  in  larger  manifestations  of  the  focus  sweep  effect.’  It 
was  assumed  that  the  achromatic  matching  constraint  placed  on  A  can  be  met  even  when 
A  becomes  large  as  k  approaches  0.5.  For  the  ZDT  and  WGT  schemes,  some  variation  in 
ri,  was  found,  with  r\,  becoming  larger  as  k  decreases.  This  results  primarily  from  the 
increasing  focus  sweep  effect  as  k  increases  for  these  nonachromatic  systems.  These 
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calculations  were  performed  for  one  point  design  in  the  LMF  parameter  regime,  namely 
R=  \  5  cm,  N  =  20  modules,  a  =  2,  £j  =  20  MJ,  F  =  1 50  cm,  V,u„e  =  Vo ,  and  0^  =  5  mrad. 

Deviations  from  the  ideal  form  of  the  voltage  in  a  programmed  power  pulse  can 
lead  to  temporal  spreading  of  the  bunched  pulse  at  the  target.  The  effect  of  hon-ideal 
waveforms  on  t),  is  evaluated  by  adding  a  sinusoidally  variation  to  the  ideal  voltage  and 
current  pulses  produced  at  the  diode.  Results  indicate  that  sinusoidal  oscillations  with  an 
inverse  frequency,  1//,  of  10  ns  and  amplitudes  greater  than  2  %  of  the  average  voltage, 
Vo,  reduces  t|,  delivered  to  the  target  in  the  optimal  bunched  pulse  length,  t*  ,  denoted  as 
For  BTSF,  this  results  in  an  8  %  drop  in  tiJ\  as  shown  in  Fig.  21.  As  the  amplitude 
of  the  oscillation  is  increased,  the  spread  in  the  pulse  increases,  further  reducing  For 
ZDT  and  WGT,  similar  results  are  obtained,  as  shown  in  Figs.  24  and  25,  respectively. 
However,  Fig.  23  demonstrates  that  results  do  depend  on  the  frequency  and  sign  of  the 
amplitude.  The  results  quoted  above  are  close  to  "worst-case"  numbers.  Because 
defocusing  does  not  occur,  the  ideal  pulse  efficiency  is  also  recovered  if  longer  pulse 
durations  are  acceptable. 

This  work  extends  a  previous  investigation  into  LMF  transport  point  designs,’ 
examining  the  impact  of  the  focus  sweep  effect  on  transport  efficiency.  Further  issues 
that  need  to  be  considered  in  order  to  accurately  determine  q,  for  specific  designs  include 
ion-beam  species  purity,  waveform  efficiency,  and  beam  energy  losses  during  transport. 
Details  of  the  ion  beam  source  model,  including  the  radial  dependence  of  A  and  an 
accurate  microdivergence  model  must  be  improved  in  order  to  further  quantify  q,. 
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Energy  transport  efficiency 

Energy  transport  efficiency  for  the  middle  1 5  ns  of  the  power  pulse 

Average  diode  voltage 

Beam  charge  state  in  the  diode 

Beam  charge  state  after  stripping 

Energy  on  target 

Energy  of  the  system 

Bunching  factor 

Number  of  modules 

beam  pulse  duration  in  the  diode 

beam  pulse  duration  at  target 

Ion  current  in  the  diode  at  time  when  Vjit)=V^ 

Ion  current  in  the  diode  at  time  when  V^it)  =  for  case  (2)  in  text 
(V„(r)  is  a  function  of  Vj  and  /) 

Average  ion  current  at  the  target 

Diode  outer  radius 

Diode  inner  radius 

Voltage  wave  form  at  the  diode 

Non-ideal  voltage  wave  form  at  the  diode 

Voltage  wave  form  at  the  target 

Tuning  voltage 
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Total  transport  distance 
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Ion  current  scaling  constant 
Arrival  time  of  beam  front  on  target 
Frequency  of  non-ideal  pulse  oscillations 
Energy  correction  factor 
Beam  current  at  the  diode 

Beam  current  at  the  diode,  non-ideal  wave  form  case 

Beam  current  at  the  target 

Microdivergence 

Instantaneous  power  efficiency  on  target 
Instantaneous  power  efficiency  on  target  at  the  tuning  time 
Instantaneous  power  efficiency  on  target  at  end  of  pulse 
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0fc(r,  t)  Self-magnetic  bending  angle  function  for  beam  at  diode 

©^(r,  t)  Beam  steering  function  at  diode 

©o  Steering  angle  coefficient 

v^(0)  Ion  velocity  at  beginning  of  beam  pulse 

Solenoid  inner  radius 
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Transport  Efficiency  Studies  for  Light-Ion  Inertial 
Confinement  Fusion  Systems  Using  Ballistic 
Transport  with  Solenoidal  Lens  Focusing 

D.  V.  Rose,  P.  F.  Ottinger,  Member,  IEEE,  and  C.  L.  Olson 


Abstract —  The  proposed  Laboratory  Microfosion  Facility 
(LMF)  will  require  >10  MJ  of  30  MeV  lithium  ions  to  be 
transported  and  focused  onto  high^gain,  higb-yield  inertial 
confinement  fusion  targets.  The  light-ion  LMF  appro^Kh  uses  a 
mottimodolar  system  with  individiial  ion  extraction  diodes  as 
beam  sources.  Previous  work  examined  the  effect  of  time-of-fli^t 
bunching  on  energy  transport  efficiency,  rj,.  under  realistic 
constraints  on  diode  operation,  beam  transport,  and  packing. 
Target  design  considerations  suggest  that  the  instantaneous 
power  dficiency,  Ft,  be  maximized  near  peak  power.  Because 
of  time-of-fli^t  bunching,  peak  power  occurs  at  the  end  of  the 
power  pulse  for  LMF  designs.  This  work  examines  the  ^ect  of 
power  efficiency  tuning  on  t/i  for  an  LMF  design  using  balltstK 
transport  vrith  solenoidal  lens  focusing.  Results  indicate  that 
rnning  the  powcr  poise  to  maximize  F*  at  about  three-quarters 
through  the  pulse  provides  high  power  efficiency  at  the  end 
of  the  pulse  while  stHl  maintaining  high  r/t.  In  addition  to 
power  efficiency  tmiing^  effects  on  r/t  from  variations  of  the 
diode  impedance  model  and  the  diode  voltage  waveform  arc 
also  examined. 


I.  Introduction 

The  Laboratory  Microfusion  Facility  (LMF)  has  been 
proposed  for  the  study  of  high-gain,  high-yield  inertial 
confinement  fusion  (ICF)  targets  [1].  A  multimodular  light-ion 
approach,  based  on  Hermes-Ill  technology,  is  under  inves¬ 
tigation  [1],  [2].  This  approach  requires  the  transport  and 
focusing  of  a  number  of  intense  ion  beams  over  distances 
of  several  meters  to  a  centrally  located,  high-gain,  higb- 
yicld  ICF  target.  The  distance  between  the  target  and  beam 
generators  provides  for  packing  of  the  beam  generators  around 
the  target  chamber,  and  isolation  of  the  diode  hardware  from 
the  target  blast  In  addition,  die  transport  distance  allows 
for  time-of-flight  (TOF)  bunching  of  the  beams  to  achieve 
power  multiplication.  Several  beam  transport  and  focusing 
schemes  arc  being  evaluated  for  LMF  [3],  [4],  including 
ballistic  transport  with  solenoidal  lens  focusing  (BTSF)  [5], 
and  ballistic  focusing  with  z-discharge  transport  [6],  wire- 
guided  transport  [7],  or  self-pinched  transport  [8].  The  baseline 
approach  for  LMF  utilizes  the  BTSF  scheme. 
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A  previous  analysis  [9]  examined  the  effect  of  time-of-flight 
bunching  on  energy  transport  efficiency,  Ot,  under  realistic 
constraints  on  diode  operation,  beam  transport,  and  packmg. 
The  energy  transport  efficiency  is  defined  here  as  the  ratio 
of  total  ion  energy  delivered  to  the  target  to  the  total  ioo 
energy  produced  in  the  diodes.  This  effort  extends  the  previous 
analysis  to  examine  the  impact  of  systematic  variations  in 
several  key  aspects  of  the  model.  These  aspects  include 
changiag  the  time  of  peak  power  coupling  between  the  beam 
and  the  target,  current  scaling  for  the  diode  impedance  model, 
and  diode  voltage  variations  about  the  ideal  voltage  ranq)  foe 
TOF  bunching.  The  square  microdivcrgcnce  profile  for  the  ioo 
source  model,  used  in  the  previous  studies  [5}-{7],  [9],  has  also 
been  replaced  with  a  Gaussian  microdivcrgcnce  profile.  This 
paper  presents  an  analysis  based  of  the  BTSF  system  only.  A 
CTTnilar  analysis  for  the  z-discharge  and  wire-guided  tran^xjrt 
systems  is  presented  elsewhere  [10].  Results  for  self-pinched 
transport  should  be  similar  to  those  for  z-discharge  transport 
Power  efficiency  Ft  is  defined  as  the  ratio  of  the  instan¬ 
taneous  transported  ioo  power  on  target  to  the  power  at  that 
same  instant  of  an  ideal  bunched  beam  pulse  at  the  target 
location.  For  BTSF,  the  diode  and  solenoidal  lens  form  an 
achromatic  lens  pair  (to  first  order  in  small  variations  of 
the  voltage)  by  applying  a  matching  condition  15].  Since  the 
beam  is  annular  ratiicr  than  solid,  thi5t  achromatic  matching 
condition  only  strictly  applies  to  ions  bom  at  one  radius  in 
the  diode  [5].  Because  of  the  residual  chromatic  focusing 
effects.  Ft  changes  in  time  as  the  voltage  changes,  lypically. 
the  achromatic  matching  condition  for  BTSF  is  fixed  at  mid- 
pulse  to  optimize  In  this  case  Tt  peaks  near  ntid-puhe. 
However,  Ft  can  be  tuned  to  peak  at  otiier  times  at  the 
expense  of  lower  Previous  work  [9]  examined  chromatic 
effects  on  t/t  witii  power  efficiency  tuned  to  peak  at  mid- 
pulse.  Target  design  considerations  indicate  that  peak  power 
should  be  delivered  at  the  cod  of  the  pulse  [11].  In  this 
paper,  the  time  of  peak  power  efficiency  is  varied  between 
the  mid-point  and  the  end  of  the  voltage  pulse  to  detennine 
the  effect  on  Results  indicate  that  tuning  the  power  pulse  to 
maximize  F  t  at  about  three-quarters  through  the  pulse  provides 
high  power  efficiency  at  the  end  of  the  pulse  while  still 
maintaining  high  r^.  For  BTSF,  this  yields  89%  instantaneous 
power  efficiency  at  the  tail  of  the  pulse  with  rjt  of  73%  for 
parameters  of  interest  (a  ballistic  transport  distance  of  250  cm, 
a  solenoidal  lens  focusing  distance  of  150  cm,  a  diode  radius 
of  15  cm,  and  a  microdivcrgcnce  of  5  mrad)  for  a  system 
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with  20  modules  and  20  MJ  of  ion  energy  available  at  die 
diodes. 

Applied-B  diode  designs  arc  currently  being  investigated 
for  LMF.  Thus,  the  actual  impedance  characteristics  of  the 
diode  are  not  yet  determined.  In  order  to  examine  the  impact 
of  current  scaling  with  voltage  on  the  diode  impedance 
model  presented  previously  [9]  is  systematically  varied  over 
a  range  of  values  that  may  result  from  advanced  applied- 
B  diode  design.  Because  BTSF  is  an  achromatic  system, 
little  change  in  r}t  was  found  for  this  variation.  However,  the 
achromatic  matching  condition  can  change  significantly  as  the 
diode  iir^pedance  model  is  varied- 

Deviations  from  the  ideal  voltage  waveform  for  TOF  bunch¬ 
ing  can  lead  to  temporal  spreading  of  the  bunched  beam  pulse 
at  the  target  The  effect  of  non-ideal  waveforms  on  is 
evaluated  by  adding  a  sinusoidal  variation  to  the  ideal  voltage 
and  current  pulses  produced  at  die  diode.  Results  indicate 
that  oscillations  with  an  inverse  frequency,  1//,  of  10  ns 
and  an  amplitude  A  greater  than  2%  of  the  average  voltage, 
V;,  reduces  77^^^.  Here,  is  the  energy  transport  efficiency 
delivered  to  the  target  in  the  15  ns  centered  about  the  middle 
of  the  delivered  power  pulse.  This  results  in  an  8%  dre^  in  77^^ 
at  A  =  2%.  As  the  amplitude  of  the  oscillation  is  increased, 
the  spreading  in  the  pulse  increases,  further  reducing  77^*. 
However,  the  results  do  depend  on  the  frequency  and  sign  of 
the  amplitude,  and,  thus,  the  results  quoted  above  are  close  to 
“worst-case”  numbers.  Because  defocusing  does  not  occur,  the 
ideal  transport  efficiency  is  recovered  if  longer  pulse  durations 
on  target  are  acceptable. 

Note  th^r  when  comparing  two  efficiency  numbers  in  this 
paper,  absolute  differences  (in  %)  are  quoted  rather  than 
percentage  changes. 

Section  n  of  this  paper  reviews  the  ion  source  model  used  in 
thi^  work  and  higfaUgbts  changes  from  [9].  In  Section  in,  Ac 
effect  of  power  efficiency  tuning  on  77*  is  examined  Section 
IV  of  thi5;  paper  examines  the  impact  on  77*  due  to  variations  in 
the  diode  impedance  model  and  the  diode  voltage  waveform. 
A  summary  is  given  in  Section  V. 

n.  loti  Source  Model 

The  LMF  system  is  schematically  illustrated  for  BTSF  in 
Fig.  1.  Here  it  is  that  the  ballistic  transptxt  distance 

L  (diode  to  lens)  is  2S0  cm  and  the  focal  distance  F  Qens 
to  target)  is  ISO  cm.  The  total  distance  from  the  diode  to  the 
target,  Z?  =  L  +  F,  will  be  used  to  define  the  voltage  pulse 
shape  for  TOF  bunching.  The  ion  source  model  is  based  00 
the  extraction  applied-F  diode  [12]  wiA  an  annular  emitting 
surface  extending  from  an  inner  radius  Ri  =  ii/2  to  an  outer 
radius  R.  Ions  accelerated  across  the  vacuum  region  in  the 
diode  are  bent  toward  the  axis  by  the  self-magnetic  field  of 
the  beam.  For  small  angles,  this  bending  angle  ©^(r,  t)  is 
a;cA/v,  where  A  is  the  width  of  the  vacuum  region,  t;(t) 
is  the  ion  speed,  and  is  Ae  beam  ion  cyclotron  frequency 
associated  wiA  Ae  self-magnetic  field  in  the  Aode  region  so 
that  u/c  =  2eZdIdlrmi(?.  Here,  U{t)  is  Ae  ion  current  in 
Ac  Aode,  eZd  and  lUi  arc  the  beam  ion  charge  in  Ae  Aode 
and  Ac  ion  mass,  and  c  is  Ae  speed  of  light  Uniform  current 
density  is  assumed  in  the  annular  emitting  region  of  the  diode. 


ftniirtr:  drrfi  Mis&c  iocuvig 
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fig.  1.  Scbemaoc  of  BTSF  system. 

A  Stripping  foil  separates  Ac  Aode  vacuum  region  from 
Ac  gas-filled  transport  region.  Singly  charged  lithium  ions 
accelerated  across  Ae  vacuum  gap  are  stri^icd  to  as  they 
cater  the  gas-filled  regioiL  For  applied-B  extraction  Aodcs, 
Ae  position  and  shape  of  this  stripping  foil  are  determined 
by  ion  beam  angular  momentum  considerations.  This  topic  is 
addressed  in  detail  in  [9].  For  the  purposes  of  this  work,  A 
is  determined  solely  from  Ac  achromatic  matching  conAtion 
[5]  and  it  will  be  assumed  that  boA  achromatic  and  angular 
momentum  conAtions  have  been  satisfied  [9]. 

As  illustrated  in  Rg.  2,  ions  are  assumed  to  leave  Ae 
diode  region  distributed  in  a  cone  of  half-angle  ©^  about 
a  steering  angle  ©,  “  ©6(^,0  +  0a(O>  where  ©^  is  Ae 
source  microAvcrgcncc,  and  ©a(r)  is  due  to  Ae  anode  surface 
shape  (assuming  no  anode  plasma  motion).  It  is  assumed 
that  ©^  is  independent  of  radius  and  time,  and,  unlike  Ae 
previous  analysis  [9],  that  ©^  has  a  Gaussian  pro&Le  in  velocity 
space.  The  impact  of  this  change  is  discussed  at  Ae  end  of 
this  secti<KL  Rg.  2  shows  Ae  beam  extracted  parallel  to  Ae 
axis.  Since  ©^  varies  as  where  Vd{t)  is  Ac  Aodc 

accelerating  voltage  and  diode  current  scales  as  (typically 
k  is  assumed  to  be  2.0),  ©a  can  compensate  for  ©6  at  only 
one  point  in  time.  At  this  time,  referred  to  as  Ae  tuning  time, 
Ae  instantaneous  power  transport  efficiency  is  q)dmized.  The 
previous  analysis  [9]  used  a  timing  time  near  mid-pulse,  when 
Ae  average  voltage  is  reached,  opomizmg  r}^  tkx  this 
analysis,  Ae  tnning  time,  exfstssed  in  tenns  of  Ae  tuned  Aode 
voltage  VtuiMi  ts  varied  between  Ae  middle  and  the  end  of  the 
pulse  in  order  to  study  Ae  inqiact  of  changing  Ae  time  of 
optimal  power  efficiency  (delivered  to  Ae  target)  cm  r}t. 

The  ideal  ramped  voltage  and  current  pulses  produced  by 
Ae  Aode  are 


where  T  is  Ae  arrival  time  erf  the  beam  front  at  Ae  target, 
Ki(0)  is  the  initial  voltage  at  time  t  =  0,  and  a  is  the  bunching 
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anode  stnpping  foil 


r  Ri 


1-L _ ... 


Rg.  2.  Injection  geornetry  for  BTSF. 

factor.  The  average  value  of  the  voltage,  Vo,  is  defined  as 
(Ki(f<f)  +  Kf(0))/2,  where  rj  is  the  initial  pulse  duration  and 
Ijo  is  the  diode  ion  current  when  ^<<(4)  =  Vg.  A  power  pulse 
given  by  (1)  and  (2)  will  timc-of-flight  compress  to  a  pulse 
length  of  Ti  =  Tj/a  at  a  time  T  after  the  start  of  the  pulse. 

The  total  path  length  for  the  beam  from  the  diode  to  the 
target  is  D  =  ua(0)T,  where  Vd{0)  =  v^2eZ<iV’<j(0)/mi.  Eval¬ 
uating  (1)  at  f  =  Tj  and  substituting  the  resulting  expression 
for  Vdiu)  into  the  definition  of  Vo  yields 

2V 

Vd{0)  =  2Vo  -  VdiTd)  =  (3) 

where 


8/doA 

3c^R 


eZd 

2miVo 


Since  6a  is  assumed  fixed  in  time,  (8)  will  lead  to  an  inward 
sweeping  of  6,  over  the  duration  of  the  pulse. 

At  the  tuning  time,  t(VtuQe),  the  steering  angle  is  set  equal 
to  zero,  so  that  the  beam  is  extracted  parallel  to  the  axis. 
Combining  this  condition  on  the  steering  angle  with  @6  yields 
the  appropriate  anode  shape 

/T/  \*-l/2/,.  o\ 


The  beam  ion  steering  angle  defined  previously  [9],  is  now 
modified  to  include  the  voltage  tuning  parameter,  Kune*  by 
combining  (8)  and  (10),  yielding 


Equation  (3)  relates  1^(0)  and  for  given  values  of 

^{a,Td,T).  Substituting  (3)  into  the  definition  of  D  yields 

which  is  a  transcendental  equation  for  T  in  terms  of  given 
values  for  mi,D,  Zd,Vo,  and  Using  (2)  for  Id{t) 

and  siting  the  total  beam  energy  per  module, 

Ed  =  jT"'  Id{t)Vd{t)  dt  =  ^  dt  (6) 

equal  to  Et/N  specifies  Ido  for  given  values  of  Vg, E,,  N,  k, 
and  ^(a,  rj,  T).  The  system  energy,  E„  is  the  total  ion  energy 
available  from  the  N  diodes  and  is  related  to  the  energy  on 
target,  Et,  by  Et  =  rjtE,.  Substituting  for  Vj(t)  frran  (1)  into 
(6)  and  perfemning  the  integration  yields 

{2k  +  l)E.fl-^\il  +  i^)‘‘-^^ 
2i‘+iNVoTd  V  ?  ){l- 
where  ^  is  given  in  (4). 

Using  the  assumption  of  uniform  current  density  in  the 
annular  diodc  and  the  impedance  model  given  in  (2),  @t  can 
be  written  as 

where 


(i-i) 

This  equation  combines  both  geometric  anode  shaping  as  well 
as  sclf-magnetic-ficld  orbit  bending  of  the  ions  in  the  vacuum 
region  of  the  diodc. 

The  diode  aiKl  solenoidal  lens  can  be  treated  as  an  achro> 
matic  lens  pair  for  a  particular  value  of  r,  assuming  small 
variations  about  the  tuning  voltage,  V^uiw-  The  focal  length  of 
the  solenoid  at  the  tuning  voltage  is  given  by  [5] 


where  L,  is  the  axial  length  of  the  solenoid,  and  Utuae  is  the  ion 
velocity  associated  with  the  tuning  voltage  Kun«*  The  lens  pair 
is  matched  for  r  =  iZ,  which  maximizes  the  number  of  ions 
achromatically  focused  because  the  diode  is  assumed  to  have 
uniform  current  dctisity.  Following  the  analysis  performed  in 
[9],  the  matching  condition  becomes 

where  ©^is  given  by  (9),  resulting  in  the  following  expression 
for  A, 

_  c^i?^  (  Vo  Y-^^^(2m,Voy^^ 

2{k-l/2)JdoF\V,onoJ  \  eZd  J  ^  ^ 
where  Ido  is  given  in  (7). 

Ihe  source  microdivergeoce  for  all  cases  considered  in 
SecdoQS  m  and  IV  of  this  paper  assumes  a  Gaussian  profile. 


with  the  half-width,  half-maximum,  6^,  selected  to  be  S 
mrad.  Previous  calcuktions  [5M7],  [9]  assumed  a  square 
microdivcrgCDce  profile,  A  detailed  conq>arisoQ  of  tran^xxt 
efficiency  for  square  and  Gaussian  profiles  is  given  in  [10]  for 
the  various  L-MF  transport  schemes.  For  the  BTSF  scheme, 
with  A  matched  according  to  (14),  r}t  is  reduced  by  12%  or 
less  when  a  Gaussian  rather  than  a  square  microdivergence 
profile  is  used. 

For  the  calculations  presented  here,  a  fixed  set  of  LMF 
system  parameters  are  chosen.  It  is  assumed  that  ions 
are  accelerated  in  the  diode  and  are  stripped  to  as  they 
pass  throu^  the  foil  A  previous  analysis  [9]  considered  a 
range  of  values  for  N,  and  a.  For  this  work,  these  values 
will  be  fixed  at  =  20  MJ,  N  =  20,  and  a  =  2.  In  additiocu 
it  will  be  assumed  that  F  =  150  cm,  9^  =  5  mrad,  V;  = 
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30  MV.  D  =  400  cm,  and  Ti  =  15  ns  (so  that  Tj  =  30  ns). 
For  thk  case  T  =  148  ns,  Vj(0)  =  26.8  MV,  V^(t,j)  =  33.2 
MV,  and  Ido  =  112  MA.  For  some  calculadons  R  will  be 
varied  between  6  and  20  cm,  with  i?  =  15  cm  used  as  the 
baseline  diode  radius.  A  centrally  located,  spherical  target  of 
radius  r*  =  1  cm  is  assumed  at  z  =  £>  from  each  of  the  N 
diodes. 

in.  Power  EmciENCY  Tuning 

ICF  target  design  considerations  indicate  that  peak  power 
delivered  to  the  target  should  occur  at  the  end  of  the  driver 
pulse  [11].  This  can  be  accomplished  by  tuning  the  voltage 
for  peak  power  efficiency  near  the  end  of  the  pulse.  However, 
as  Kun«  increases  from  K  toward  V{Td),Th  decreases.  This 
section  examines  the  impact  on  rf^  from  tuning,  or  moving,  the 
time  of  peak  power  efficiency  later  in  the  pulse. 

Allowing  the  voltage  and  current  waveforms,  (1)  and  (2), 
to  evolve  in  time  as  the  beam  is  projected  ballistically  to  the 
target  plane  at  z  =  D,  yields 


for  T  <  t  <  T  +  n-  Here  Vt(T)  =  ZdVd{0)IZt  and 
Ito  =  ZJdolZd  account  for  the  stripping  of  the  beam  from 
Li+^  to  in  the  diode  region,  before  the  beam  is  trans¬ 
ported.  Equations  (15)  and  (16)  ignore  beam  dispersion  due  to 
micTodivergence,  focusing,  scattenng,  etc.  and  as.sume  100% 
transport  efficiency.  The  product  of  (15)  and  (16)  gives  the 
ideal  power  on  target,  Pt,  as  a  function  of  time.  The  ratio  of 
the  instantaneous  power  on  target  to  the  ideal  instantaneous 
power  is  Tf  The  time  at  which  die  voltage  pulse  rises  to 
the  effective  voltage  ZdVtux^/Zt  at  the  target  is  f«(V;un«)  = 
T  +  td{VtuT>e)/a,  where  td{Vtu^)  is  the  time  it  takes  for  the 
diode  voltage  to  rise  to  Vtu0e  [see  (1)]- 

For  this  study,  ducc  different  tuning  times  were  considered, 
namely  mid-pulse,  thrcc-<|oartcrs  throu^  the  pulse,  and  the 
end  of  the  imlsc.  The  voltages  corresponding  to  these  tuning 
times  are  denoted  as  Vi/2j  ^3/4>  ^/4t  ^  given  as 

29.743,  31.401,  and  33,201  MV,  respectively  for  the  param¬ 
eters  considered  here  with  fc  =  2.  It  should  be  noted  that 
Vo  ^  Vi/2  because  the  average  value  of  (1)  over  the  pulse 
length  Tfi  does  not  occur  at  Tii/2.  Simulations  calculating  the 
instantaneous  power  efficiency  at  the  tuning  time,  the 

instantaneous  power  efficiency  at  the  end  of  the  pulse, 
and  the  total  transported  energy  efficiency,  77t,  were  carried  out 
A  three-dimensional,  non-relativistic  orbit  code  was  used  wiffi 
20  000  test  particles  to  give  adequate  statistics.  Full  charge  and 
current  neutralization  is  assumed.  The  ATHETA  code  [13],  was 
used  to  generate  the  solcnoidal  lens  magnetic  field  maps  used 
in  the  orbit  code.  For  each  of  the  simulations  carried  out  for 
this  work,  different  solcnoidal  magnetic  field  strengths  had  to 


t  (ns) 

fig.  3.  Pkx  of  beam  partick  radius,  r,  versus  t  at  tbc  target  plane,  z  =  400 
(an.  Cases  for  three  different  tuning  tunes  arc  plotted, 
and  t(V4/4).  In  each  pkx,  5%  of  the  total  number  of  particles  used 
in  the  simnlatioo  arc  represented.  For  these  cakularioos,  R  ^  15  cm. 
t  =  2,  a  =  2,  iV  =  20,  £,  =  20  MJ.  and  8^  =  5  mrad. 

be  employed  in  order  to  optimally  focus  the  ions  of  velocity 
vtun«  otito  the  targrt  [5]. 

The  impact  on  i7t  of  dianging  the  tuning  time  is  quahtatiYcly 
illustrated  in  Fig.  3  for  i?  =  15  cm,  and  —  2,  This  set 
of  plots  shows  the  radius  of  beam  particles  arriving  at  the 
target  pKxsition,  z  =  400  cm,  as  a  function  of  time  for  ffiiee 
different  tunings.  The  bead  of  the  buiK:bed  beam  amves  at 
the  target  ztT;^  148  ns  and  the  tail  arrives  15  ns  later  at 
T  -h  n  =  163  ns.  About  5%  of  the  total  number  of  particles 
used  in  a  typical  simulation  is  rejnesented  in  these  plots.  Each 
simulation  particle  is  equally  weighted  in  current  Particles  at 
or  below  the  dashed  line  at  r  =  rt  =  1  cm  strike  the  target 
and  detennine  i7t.  It  is  evident  that  as  tt(^tuiie)  is  moved  later 
in  the  pulse,  less  particles  strike  Ac  target,  lowering  In 
particular,  note  dmt  most  ions  in  the  head  of  the  beam  miss 
the  target  for  =  Vi/4. 

The  power  on  target,  Pt(f)>  is  shown  for  three  different 
tunings  in  fig.  4  for  Ae  baseline  case  (iZ  =  15  cm  and  k  = 
2),  These  curves  qualitatively  illustrate  the  effect  that  changing 
Ac  tuning  bnv*.  at  the  Aode  ha5;  on  Ac  time  of  peak  power 
efficiency  at  Ac  target  The  impact  on  7}t  due  to  moving  Ac 
tuning  time  later  in  Ac  pulse  is  observed  by  noting  Ac  total 
area  under  each  of  the  power  curves.  Also,  as  Ae  tuning  time  is 
selected  to  be  later  in  Ac  pulse,  Ac  half-widA  of  Pt  becomes 
smaller.  These  results  are  typical  for  Pt  over  Ac  range  of  R 
considered  in  this  woric.  The  curves  presented  in  Fig.  4  have 
been  smooAcd  in  order  to  make  Ae  comparison  between  them 
easier. 

fig.  5  plots  at  the  three  different  tuning  voltages. 

Tbc  fall  off  in  for  R>  15  cm  is  due  {wimarily  to  Ac 

packing  constraint  which  limits  the  maximum  solcnoidal  lens 


Fig.  4.  Plot  of  Pi  versus  f  ai  the  target  plane,  z  =  4CK)  cm.  Cases  for  three 
different  tuning  drocs  are  plotted,  t(V3/^),  and  t(V4/4).  The  dashed 

line  shows  the  bunched  power  pulse  on  target  assuming  do  losses  during  trans- 
port.  For  these  calculations,  iZ  =  15  cm,  it  =  2.  a  =  2,  N  —  20,  £  =  20 
MJ,  and  0^  =  5  mrad. 


Rg.  5,  Plot  of  versus  R  for  BTSF.  The  individual  curves  arc  for 

voltage  tunings  of  ^l/2>  ^  ^4/A- 

radius  [9].  It  is  evident  tfiat  die  same  can  be  achieved 
regardless  of  which  of  the  three  tuning  vohages  is  selected. 
However,  in  Rg,  6,  the  instantaneous  power  efficiency  at  the 
end  of  the  pulse,  docs  depend  on  the  tuning  voltage 
chosen.  Tuning  the  voltage  to  the  middle  of  the  pulse  results 
in  a  reductioo  in  1^^  by  10%  on  average  for  =  9  to  18 
cm  ctxnpaied  with  tuning  the  voltage  to  the  end  of  the  pulse. 
ConvCTScly,  the  total  energy  tran^ioited  to  die  target  for  the 
case  relative  to  the  Vx/2  case  is  reduced  by  an  average 
of  17%  for  ii  =  9  to  18  cm  as  illustrated  in  Rg.  7.  Thus, 
selecting  a  tuning  time  at  three-quarters  of  the  pulse  length 
leads  to  only  a  slight  loss  in  rjt  while  achieving  near^^ptiinal 
^  power  efficiency  at  the  tail  of  the  pulse.  For  the  baseline  case 

j  of  J?  =  15  cm,  a  dn:^  of  6%  in  t?t  results  in  a  14%  gain  in 

1  rjnd  v^rhen  shifting  the  tuning  from  the  middle  to  three-quarters 

l  through  the  pulse.  For  this  case  with  tuning  at  V3/4,  r/t  =  73% 
and  =  89%.  The  maximum  is  90%,  which  occurs 
for  tuning  at  V4/4. 

IV.  Impedance  Model  Variahons  and 
Non-Ideal  Accelerator  Waveforms 

The  design  of  the  LMF  applied-S  diode  for  use  in  a 
light-ion  LMF  system  is  currently  being  investigated.  One 
possible  design  employs  a  two-stage  scheme  [14],  whose 


Rg.  6.  Plot  of  venus  R  for  BTSF.  The  individual  curves  arc  for 
volugc  tunings  of  Vi/2j  and 


Rg.  7.  Plot  of  r)t  versus  R  for  BTSF.  The  individual  curves  are  for  voltage 
tunings  of  Vj/j,  V3/4,  and  V4/4. 

possible  benefits  include  higher  beam  purity,  lower  beam  mi- 
crodivcrgencc,  better  control  of  impedance  behavior,  reduced 
accelerating  voltage  per  stage,  and  commensurately  smaller 
insulating  magnedc  fields.  Since  the  actual  impedaiKe  model 
of  such  a  diode  is  currently  under  evaluation,  it  is  desirable 
to  consider  the  impact  of  the  diode  impedance  model  on  the 
efficiency  results  presented  in  Section  EL  This  is  achieved  by 
changing  the  values  of  A:  in  (2)  ovct  a  range  of  values  that 
seem  possible  for  a  two-stage  diode  design.  However,  varying 
k  also  affects  the  achromatic  matching  coiKlitioQ  for  BTSF. 
According  to  (14),  A  increases  rapidly  as  k  approaches  0.5. 
For  example,  A  increases  from  7  to  28  cm  as  ib  decreases 
firom  2A  to  1.0  for  the  LMF  system  parameters  considered 
here  with  Vtuoe  =  K,  and  J?  =  15  cm.  Note  that  A  scales  as 
so  that  for  =  10  cm,  A  increases  firom  3  to  12  cm  as  k 
decreases  from  2A  to  1.0.  Foil  placement  issues  are  discussed 
elsewhere  [9],  [14],  and  are  beyond  the  scope  of  this  work. 

Simulations  were  performed  varying  Jfc  over  the  range  of 
0.75  to  2J  for  the  LMF  system  parameters  considered  here 
with  iJ  =  15  cm,  and  =  30  MV.  No  significant 

change  in  r?t  is  observed  for  k  within  the  range  0.75  and 
2.5,  indicating  fiiat  die  enhanced  focus-sweep  effect  resulting 
firom  larger  values  of  k  has  little  effect  on  r/t  for  this  nearly 
achromatic  system.  Therefore,  it  can  be  anticipated  that  the 
potential  benefits  of  two-stage  diodes  can  be  exploited  without 
a  significant  change  in  the  results  presented  in  Sections  n  and 
in  as  long  as  the  effea  on  A  can  be  accommodated. 

Another  issue  of  concern  to  the  design  of  a  light-ion  ICF 
system  is  deviation  of  the  power  pulse  firom  the  ideal  wave- 


form.  Ramped  voltage  waveforms  produced  by  the  accelerator 
that  deviate  from  the  ideal  pulse  shape  prevent  the  beam 
from  time-of-flight  bunching  to  the  optimum  pulse  length  on 
target.  This  may  result  in  insufficient  energy  being  delivered 
to  the  target  in  the  optimal  target  drive  time,  r^.  To  examine 
this  issue,  a  small  sinusoidal  oscillation  is  added  to  the  ideal 
voltage  pulse  of  (1),  such  that  the  beam  is  launched  as  a 
function  of  time  with  voltage 

Vn{t)  =  v^t)  +  AK  Sin{2ir  ft)  (17) 


where  A  is  the  amplitude  (expressed  as  a  percentage  of  the 
value  of  K))  and  /  is  the  frequency  in  units  of  Hz.  For  this 
work,  the  period  of  the  oscillations  are  kept  large  with  respect 
to  the  time  it  takes  an  average  ion  to  cross  the  typical  AK  gap 
so  that  the  diode  can  be  assumed  to  be  in  quasi-equilibrium  at 
all  times.  For  a  gap  of  1  cm  and  typical  ion  velocities  around 
Vo  =  y/2eZdVo/mi  ^  2.87  x  10^  cm/s,  an  ion  crosses  the 
AK  gap  in  about  1/3  ns.  Therefore,  only  voltage  oscillation 
periods  greater  than  a  few  ns  will  be  considered  here. 

Two  cases  of  non-ideal  power  pulses  are  considered:  i) 
the  ideal  current  in  the  diode  is  used  with  the  non-ideal 
voltage  waveform  ((2)  and  (17),  respectively),  and  ii)  both 
the  current  and  voltage  are  given  a  non-ideal  shape  ((17)  and 
(2)  with  Vd{t)  replaced  by  Vn{i)  from  (17)).  For  purposes 
of  comparison,  the  total  energy  in  the  non-ideal  pulse  is 
normalized  to  the  total  energy  in  the  ideal  case  by  scaling 
the  magnitude  of  the  current  of  the  non-ideal  case.  The  ratio, 
7,  of  the  energy  in  the  ideal  to  the  non-ideal  system. 


7  = 


Vn{t)Iio 


Vo 


is  multiplied  by  Ido  giving  the  current  for  the  non-ideal  cases 
as 


In{T)  =  /no 


k 


(19) 


where  Ino  =  lido*  Vd  is  used  in  (19)  for  case  i)  and  7n  is  used 
fcH*  case  ii).  The  current  scaling  is  minimal  (0.98  <  7  <  1.02) 
for  an  cases  considoed  here. 

Oscillations  of  the  initial  voltage  pulse  were  applied  to  the 
LMF  system  for  the  parameters  considered  here  with  i?  =  15 
cm,  Jk  =  2,  and  Kun*  =  30  MV.  Calculations  were  performed 
for  1//  =  10  ns  over  a  range  from  A  =  0  to  0.10.  Two 
energy  transport  efficiency  numbers  were  calculated  for  each 
nm.  The  first,  Tft.isthc  total  energy  transport  efficiency  defined 
in  Section  I,  calculated  over  the  entire  power  pulse  delivered 
to  the  target,  and  denotes  the  energy  transport  efficiency 
delivered  to  the  target  in  the  15  ns  centered  about  the  middle  of 
the  delivered  power  pulse.  For  each  transport  scheme,  T}t  and 
are  plotted  against  the  range  of  A,  illustrating  the  impact  of 
temporal  s^neading  of  the  beam  that  is  induced  from  variations 
in  the  power  pulse. 

The  role  of  the  frequency,  /,  is  also  analyzed  for  a  fixed 
value  of  A.  The  result  of  varying  A  is  shown  in  Fig.  8  for 
l/f  =  10  ns.  Over  the  range  A  =  0  to  7%,  rjt  was  essentially 
constant  at  78%,  but  falls  slightly  at  A  =  10%,  to  an  i7t  75%. 
However,  non-ideal  waveform  amplitudes  of  >  2%  do  have 
a  noticeable  effect  on  the  energy  delivered  in  the  middle  15 


Rg.  8.  Plot  of  i)t  versus  A  for  BTSF  for  non-ideal  wavefonn  with  it  =  15 
cm  and  1//  =  10  ns.  Individual  curves  are  for  j/t  (local  energy  efficiency  on 
targei,  full  pulse)  and  (energy  efficiency  on  target  in  ifac  middle  15  ns  of 
tbc  pulse).  Hollow  dau  points  represent  calculations  for  case  <i)  (noo-idcal 
voltage),  and  solid  data  points  represent  calculations  for  case  (ii)  (non-ideal 
voltage  and  current)  as  discussed  in  tbc  text  For  tbesc  cases  Vtune  —  V"o. 

ns  of  the  pulse.  The  combined  effect  of  altered  bending  in  tiic 
diode  from  (8)  (with  Vd  replaced  by  Vn),  coupled  with  non- 
ideal  time-of-fligfat  pulse  compression,  results  in  a  reduction 
of  for  A  >  2%.  At  A  =  2%,  is  70%,  an  8%  drop  from 
the  ideal  wavefonn  calculation;  continues  to  fall  off  as  A 
increases.  Tbc  solid  markers  in  Fig.  8  at  A  =  5%  indicate  data 
points  for  case  (ii),  while  the  open  data  points  are  for  case  (i) 
described  above.  Small  fluctuations  in  voltage  and  current  do 
not  significantly  reduce  by  defocusing  the  beam.  Thus,  it  is 
can  be  concluded  that  the  non-ideal  voltage  waveform  drives  a 
temporal  spreading  of  the  pulse  that  reduces  the  ideal  r}t  to 

The  role  of  the  frequency  of  the  oscillations  in  the  reduction 
in  T}t  was  investigated  by  varying  l/f  over  the  range  of  5 
to  30  ns  for  A  at  ±5%.  Figs.  9  and  10  show  only  a  small 
variation  in  r/t  while  larger  variations  in  arc  observed.  In 
Rg.  9,  a  small  deviation  in  r/t  of  ±2%  arotmd  tbc  value  for  the 
ideal  pulse  is  obs^cd  for  l/f  <  20  ns.  For  larger  1//,  the 
deviation  in  r}t  frmn  the  ideal  pulse  begins  to  iiKiease  because 
the  frequency  of  oscillation  is  low  enough  to  dominate  the 
waveform  characteristics.  For  example,  when  1//  =  30  ns, 
exactly  one  sinusoidal  oscillation  occun  over  the  pulse  time. 
The  systematic  variation  seen  in  Rg.  10  (atxi  to  a  l^ser  extent 
in  Rg.  9)  results  from  the  full  phase  of  die  voltage  variations, 
2t/t^,  passing  tfarou^  multiples  of  2^.  When  the  frequency 
of  the  oscillations  becomes  hi^  enough  and  many  oscillations 
occur  within  this  effect  begins  to  smear  out  and  an  average 
reduction  in  7^^  is  observed,  resulting  in  an  8%  drop  in 
for  l/f  <  10  ns.  In  Rg.  10,  the  curves  for  -FA  and  -A  are 
almost  s>nmmetric  witii  respect  to  each  other  but  on  average 
arc  about  8%  below  that  of  tire  ideal  case  (A  =  0).  However, 
the  exact  effect  on  depends  on  all  of  the  details  of  the 
voltage  variations,  /,  A,  and  tbc  sign  of  A. 

V.  Summary  and  Conclusions 

In  this  paper,  transport  efficiency  studies  have  been  carried 
for  parameters  relevant  to  the  design  of  a  light-ion  LMF.  This 
work  extends  a  previous  investigation  into  LMF  transport  point 
designs  [9],  examining  the  impact  of  the  focus  sweep  effect 
on  transport  efficiency.  The  impact  of  power  efficiency  tuning 
on  T?t  has  been  examined  for  the  BTSF  scheiiie  for  a  range 


1/f  (ns) 


Fig.  9.  Plot  of  Tjt  versus  1//  for  BTSF  for  non-ideal  waveform  with  /?  =  15 
cm.  Individual  curves  arc  for  .4  =  OS^  (ideal  pulse).  +5%,  and  For 

these  cases  V'tune  =  Vo- 


1/f  (ns) 


Fig.  10.  Plot  of  r)}^  versus  Ilf  (or  BTSF  for  non-ideal  waveform  with 
R  —  IS  cm.  Individual  emves  arc  for  A  =  09&  (ideal  pulse),  +5%,  and 
—5%.  For  these  cases  V'mnc  =  V'<,- 

of  parameters  that  are  applicable  to  the  design  of  a  light-ion 
LMF  system.  Results  indicate  that  moving  the  point  of  peak 
power  cflBciency  to  three-quarters  of  the  pulse  time  results  in 
maintaining  a  near  optimal  value  for  rjt  while  achieving  high 
For  =  15  cm,  tuning  the  power  pulse  to  maximiTe 
Ft  at  three-quarters  of  the  pulse  time  yields  a  Ff""^  of  89% 
with  an  of  73%.  This  means  that  only  6%  of  overall  energy 
is  sacrificed  to  gain  14%  in  power  at  the  tail  of  pulse.  By 
tuning  to  the  end  of  the  pulse,  only  1%  more  in  instantaneous 
power  can  be  obtained  at  the  expense  of  an  additional  17% 
reduction  in  energy.  Therefore,  tuning  to  achieve  maximum 
instantaneous  power  at  the  three-quarters  point  in  the  power 
pulse  yields  near  optimum  performance  for  this  system. 

In  addition,  the  diode  impedance  model  has  been  systetnat- 
ically  varied  in  order  to  examine  the  impact  of  current  scaling 
with  voltage  on  rjt.  The  value  of  the  scaling  constant,  fc,  was 
varied  over  a  range  of  values  that  may  result  from  advanced 
applied-B  diode  design,  including  two-stage  diodes.  Because 
BTSF  is  an  achromatic  system,  virtually  no  variation  in  r}t 
was  found  for  values  of  1:  in  the  range  of  0.75  to  2-5,  even 
though  higher  values  of  k  result  in  larger  manifestations  of 
the  focus  sweep  effect  [9].  It  was  assumed  that  the  achromatic 
matching  constraint  placed  on  A  can  be  met  even  when  A 
becomes  large. 

Deviations  from  the  ideal  voltage  waveform  for  TOF  bunch¬ 
ing  can  lead  to  temporal  spreading  of  the  bunched  pulse  at 


the  target.  The  effect  of  non-ideal  waveforms  on  i^t  has  been 
evaluated  by  adding  a  sinusoidal  variation  to  the  ideal  voltage 
and  current  pulses  produced  at  the  diode.  Results  indicate 
that  oscillations  with  an  inverse  frequency,  1//,  of  10  ns 
and  amplitudes  greater  than  2%  of  the  average  voltage,  K>, 
reduces  This  results  in  an  8%  drop  in  at  A  =  2%. 
As  the  amplitude  of  the  oscillation  is  increased,  the  spreading 
in  the  pulse  increases,  further  reducing  However,  Fig.  10 
demonstrates  that  results  do  depend  on  the  frequency  and  sign 
of  the  amplitude,  and  thus,  the  results  quoted  above  arc  close 
to  “worst-case”  numbers.  Because  significant  dcfocusing  docs 
not  occur,  the  ideal  transport  efficiency  is  recovered  if  longer 
pulse  durations  on  target  are  acceptable. 

The  analysis  presented  in  this  paper  has  also  been  carried 
out  for  the  z-discharge  and  wire-guided  transport  schemes 
and  is  reported  elsewhere  [10].  Further  issues  that  need  to 
be  considered  in  order  to  accurately  determme  for  specific 
designs  include  ion-beam  species  purity,  waveform  efficiency, 
and  beam  energy  losses  during  transport  Details  of  the  ion 
beam  source  nxxlcL,  including  the  radial  dependence  of  A  and 
an  accurate  microdivergence  model  must  be  improved  in  order 
to  further  quantify  rjt.  Work  is  presently  under  way  to  evaluate 
beam  current  Dcutralization  for  transport  in  field-free  space 
[15]  and  in  the  presence  of  a  solcnoidal  magnetic  field  [16]. 
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ABSTRACT 


Transport  and  focusing  of  light  ion  beams  for  inertial  confinement  fusion  is 
tocussed,  including  transport  schemes,  gas  breakdown  research,  and  a  strategy  for 
divergence  reduction. 


L  INTRODUCTION 

Ti^sport  and  focusing  ofcxtractcd  light  ion  beams'  over  distances  of  several  meters 
IS  i^uired  for  high  jdcld  applications  such  as  the  Laboratory  Microfusion  Facility  (LMF).^ 
M  or  energy  applications  such  as  the  light  ion  fusion  reactor  concept  LIBRA-LiTE  ^ 
Transport  sche^s  for  LMF  and  UBRA-LiTE  are  discussed  in  Sec.  2.  Gas  breakdown 
research,  which  is  fundamental  to  understanding  ballistic  transport  and  self-pinched 
ti^rt.  IS  summarized  in  Sec.  3.  lastly,  a  strategy  for  achieving  the  req.uired  beam 
microdivcrgcncc  is  presented  in  See.  4.  ^ 


2.  TRANSPORT  FOR  HIGH  YIELD  (LMF)  AND  ENERGY  (LIBRA) 

I^F  has  ^ific  beam  requirements  based  on  the  LMF  target  design.  In  aU  eases, 
ocaro  wUl  be  produced  m  extraction  diodes,  which  are  voltage  ramped  (26-35  MeV  U)  to 
bunching  by  a  factor  of  about  2.  The  diode-to-target  transport 
ength  ^  be  400  cm.  and  any  final  focusing  element  must  be  at  least  100  cm  from  the 

^  spread  produced  by  the  ramped 
volta^,  the  dic^c  must  be  protected  from  the  blast,  and  minimal  transport  apparaturis 
allowed  inside  the  containment  chamber. 
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The  baseline  LMF  transport  method,  which  satisfies  all  of  the  above  LMF 
requirements,  is  an  achromatic  lens  systcra^*^  This  system  consists  of  the  high  current 
extraction  diode  (which  acts  as  a  self-field  lens)  and  a  solcnoidal  lens.  As  shown  in  Fig.  1, 
the  beam  is  transported  baJlistiCally  in  gas  from  the  diode  to  the  lens  over  a  distance  L,  is 
focused  by  the  lens,  and  then  transported  ballistically  in  gas  from  the  lens  to  the  target  over 
a  distance  F.  For  LMF,  L  =  300  cm  and  F  =  100  cm.  The  gas  is  assumed  to  provide  complete 
charge  and  current  neutralization.  The  diode  lens  and  solenoidal  lens  act  together  to  form  a 
system  that  is  achromatic  to  lowest  order  in  the  diode  voltage  ramp  variation.  The  main 
features  are  that  the  spot  size  is  determined  by  G^^F  [and  jiQi  0^(F+L)],  there  is  no  apparatus 
inside  the  chamber,  and  the  diode  is  shielded  from  debris  by  a  center  plug  which  fits  inside 
the  annular  beam.  The  basic  elements  of  this  system  (diode  lens  effect,  gas  neutralization, 
and  solenoidal  lens  effect)  arc  all  routinely  observed  on  PBFA  II,  although  a  complete 
extracted  beam,  achromatic  system  has  not  been  demonstrated. 

Backup  transport  methods  for  LMF  include  wall-confined  channel  transport,^  wire- 
guided  transport,^  and  self-pinched  transport  For  each  of  these  “channel-like”  schemes,  the 
beam  from  the  diode  is  first  focused  down  to  a  small  radius  (<  1  cm)  and  then  transported  at 
small  radius  over  several  meters  to  the  target.  For  LMF  parameters  (26-35  MeV  Li, 
microdivergcncc  G^  6  rnrad),  all  channel-like  schemes  require  a  channel  current  I^  50 
kA.  The  current  1^  can  be  from  a  preformed  discharge  (wall-confined  transport),  a  wire 
(wire-guided  transport),  or  from  the  net  current  resulting  from  gas  breakdown  (self-pinched 
transport). 

Both*  channel  transport  and  wire-guided  transport  have  been  thoroughly 
demonstrated  at  low  energy  (1  MeV  p)  and  arc  expected  to  work  at  LMF  energies  (35  MeV 
Li),  but  require  some  transport  apparatus  (low  mass  tubes  or  wires)  inside  the  containment 
chamber,  these  schemes  could  be  used  for  LMF.  The  achromatic  lens  system  and  self- 
pinched  transport  arc  attractive  because  no  apparatus  is  required  inside  the  containment 
chamber,  these  schemes  can  be  used  for  LMF  and  LIBRA. 


charped  and  cxirrent 


efiode  solenoid  target 

(lens)  (tens) 


Figure  1.  Achromatic  lens  system  for  LMF  and  LIBRA. 
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3.  GAS  BREAKDOWN  RESEARCH 

All  light  ion  transport  schemes  involve  ion  beam  interactions  with  neutral  gas, 
plasma,  or  electrons  to  provide  charge  neutralization  and  some  current  neutralization. 
Present  transport  research  is  developing  a  thorough  physics  understanding  of  gas 
breakdown,  which  is  needed  for  both  the  achromatic  lens  system  and  self-pinched  transport, 
K  weU  as  the  ballistic  transport  input  section  of  all  channel-like  schemes.  Specifically,  we 
intend  to  understand  current  neutr^zation  so  that  by  varying  certain  parameters  (e.g.,  gas 
type,  gas  pressure,  beam  current  risetime,  beam  radius,  etc.)  we  can  achieve  either 
essenti^y  complete  current  neutralization  (for  ballistic  transport)  or  partial  current 
neutralization  (for  self-pinched  transport). 

■pie  physical  processes  involved  in  gas  breakdown  and  the  growth  of  the  electrical 
conductivity  include  ion  impact  ionization,  secondary  electron  impact  ionization,  electron 
avalarching,  and  late  tinw  Ohmic  heating.  Energetic  electrons  can  be  created  in  ionizing 
collisions  betwwn  beam  ions  and  neutral  gas  atoms  (ion  impact  ionization),  in  momentum¬ 
changing  collisions  between  beam  ions  and  free  electrons  (knock-on  collisions),  and  from 
fiec  electron  acceleration  in  electric  fields  (avalanching).  In  the  1  Torr  pressure  regime,  the 
mean  fiee  path  between  collisions  can  be  of  the  order  of  the  beam  radius;  then  the’ gas 
breakdown  processes  are  “non-local”  and  they  must  be  foUowed  accurately  in  space  and 
time. 


The  first  experiments  designed  to  study  ion  beam-induced  gas  breakdown  and 
conductivity  growth  have  been  performed  on  the  GAMBLE  H  accelerator  at  NRL.*  In  these 
experiments,  a  1  MeV  proton  beam  produced  in  a  pinch  reflex  diode  is  injected  through  a 
coUirmtor  section  into  art  ex^rimental  section.  A  -  6  kA.  1  kA/cm^  proton  beaip.cntcrs  the 
experimental  section  which  is  fiUcd  with  helium,  air.  or  neon  at  pressures  in  the  range  of 
Extensive  diagnostics  are  used.  Net  current  fractions  range  from  2.3%  to  8% 
Md  peak  electron  densities  are  of  order  10’^  cm'^  corresponding  to  ionization  fractions  of 
0.6%  to  4.6%. 


IPROpand  DYNAPROP  simulations  were  performed  to  evaluate  net  currents  and 
dcctron  densities.  IPROP  is  a  3-D  EM  hybrid  code  with  a  full  tensor  conductivity.’  Beam 
ions  arc  treated  as  particles,  and  fast  electrons  (>  100  eV)  are  also  treated  as  particles.  Slow 
electrons  (<  100  cV)  are  treaty  as  a  fluid,  whUe  plasma  ions  are  treated  as  a  stationary 
background.  The  important  unique  feature  is  that  the  fast  electrons  ate  followed  explicitly, 
and  that  these  ate  the  particles  responsible  for  non-local  breakdown  effects.  DYNAPROP  is 
a  1-D  code  based  on  a  resistive  plasma  model  in' which  the  beam  dynamics  are  described  by 
an  envelope  equation.  The  plasma  properties  (density,  temperature)  ate  determined  by  rate 
equations,  and  the  net  current  is  calculated  from  a  circuit  equation. 


^  *  comparison  of  the  net  current  in  the  GAMBLE  H  experiments  with 

IPROP  and  DlfNAPROP  results.  Many  such  comparisons  have  been  made;  this  example 
effects.  If  fast  electrons  are  not  included,  note  that  both  IPROP  and 
DYNAPROP  predict  a  net  current  much  higher  than  that  observed  in  the  experiment  by  the 
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B-dot  monitor  at  r  =  4  cm.  By  including  fast  electrons  in  IPROP,  good  agreement  is  obtained 
with  the  experimenti.  Note  that  fast  electrons  outside  the  beam  radius  contribute 
significantly  to  the  return  current. 


Rgurc  2.  Net  current  fraction  contained  within  a  given  radius  for  the  GAMBLE  II 
experiments,  IPROP  simulations,  and  DYNAPROP  simulations  (1  MeV  p, 
-  6  kA,  -- 1  kA/cm^,  r^,  =  1.5  cm,  B*dot  at  r  =  4  cm,  1  Torr  He). 


IPROP  has  also  been  used  to  compare  with  net  current  measurements  for  the  barrel 
diode  geometry  of  PBFA  H.  including  applied  magnetic  field  effects.  IPROP  predicts 
^  99.8%  neutralization  for  6  MeV  Li  ions  in  4  Torr  argon  on  PBFA  B.  It  is  important  to 
note  that  the  net  current  fraction  here  is  even  smaller  than  in  the  GAMBLE  II  experiments 
because  the  total  current  is  higher  (~  1  MA  instead  of  --  6  kA),  the  ions  are  Li*^  which  ionize 
faster  than  protons,  and  the  gas  is  argon  which  is  easier  to  ionize  than  helium. 

Self‘pinched  transport  requires  higher  net  current  fractions  (  ~  2%)  and  preliminary 
IPROP  code  results  indicate  that  these  appear  achievable  for  small-radius  intense  beams  in 
lower  pressure  gases  (Si  Torr).  Several  self-pinched  transport  concepts  look  promising. 


4.  DIVERGENCE  REDUCTION  STRATEGY 

All  transport  modes  require  microdi verge nccs  of  -  6  mrad  for  35  MeV  Li  for  LMF. 
In  Table  1,  a  summary  of  achieved  and  proposed  divergence  values  is  given.  For  each  case, 
the  accelerator,  ion  species,  diode  type,  ion  energy,  and  beam  microdiveigencc  (0^  is 
shown.  Also  shown  is  the  equivalent  0^  for  LMF.  This  is  defined  by  assuming  the  ion 
transverse  tcmperaUirc  is  fixed  and  the  ion  axial  velocity,  vj,  is  increased  to  P  =  v/c  =  0.1. 
This  concept  of  divergence  reduction  has  already  been  demonstrated  in  two-stage  diode 
experiments  on  ALIAS.' ^  Note  that  a  5  MeV  proton  and  a  35  MeV  Li  ion  have  the  same 
value  of  p.  Most  importantly,  note  that  LMF  equivalent  values  of  0^  <  9  mrad  have  already 
been  achieved  on  ALIAS.  KALIF.'^  and  PBFA  H. 
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.K  k-  of  a  fixed  ion  transverse  source  temperature  has  a  strong  foundation  in 

the  high  cnerp  pwlcrator  physics  community.  In  a  typical  high  energy  accelerator,  the  ion 
Murcc  sets  the  initial  beam  emittance.  and  there  is  almost  negligible  emittance  growth 
dmng  acceleration  over  long  distances  to  high  energies.  For  high  current  pulsed  power 
^ode  accelerators,  increasing  the  voltage  in  a  single-stage  diode  may  self-consistently  raise 
c  tr^syeisc  ion  temperature.  This  divergence  issue  has  been,  and  is  being,  studied 
extensively.  However,  for  two-stage  diodes,  it  has  already  been  demonstrated  on  ALIAS  that 
there  IS  negligible  growth  of  the  transverse  ion  temperature  in  the  second  stage.  Thus  the 
concept  of  6xcd  source  temperature  holds  weU  for  two-stage  diodes,  as  presenUy  tested! 

1^e  last  four  lines  in  Table  1  outline  our  strategy  for  achieving  6  miad  for  LMF.  The 
aCLgOal  IS  to  achieve  12  mrad  for  5  MeV  protons  in  a  single-stage  diode  on  SABRE.  This 
represents  a  substantial  improvement  over  the  current  value  of  17  mrad.  The  second  rnal  is 
to  Khicve  9  for  5  MeV  protons  in  a  two-stage  diode  on  SABRE.  This  is  exactly 

achieved.  By  this  we  mean  that  if  the 
1-7  MeV)  of  a  two-suge  diode  on 
nf  f  transverse  temperature  growth  in  the  second  stage  (to  a  total 

of  5  Mc\2,  then  the  final  diveigence  will  be  <  9  mrad.  Similarly,  if  a  5  MV  singlc-staec 
ih  *  operate  with  the  same  transverse  temperature  as  the  KALIF  diode 

MM  V also  be  <  9  mrad.  The iMrcl  goal  is  to  achieve  9  mrad  Li  ions  ai 
14  MeV  in  a  two-stage  diode  on  Hermes  m.  Note  that  in  terms  of  LMF  equivalent  values  of 

^4,  H  "  equivalent  LMF  value  of  8.6  mrad  to 

phieve-6  mrad  for  LMF.  Having  achieved  9  mrad  on 
HERMES  m  at  14  MeV  means  that  by  simply  increasing  the  diode  voltage  to  the  full  LMF 
value  will  produce  35  MeV  U  ions  at  the  desired  6  mrad. 


Table  1.  Microdivergence  (9^):  Achieved  and  Proposed. 


Accelerator 

Ion 

Diode 

€i(McV) 

(mrad) 

Status 

Exjui  valent  0„  (mrad) 
for  LMF  (^.1; 
5McVpor35  MeVU) 

AUAS 

B 

<0.6 

19 

achieved 

<6,6 

ALIAS 

B 

>1 

achieved 

>4.5 

KAUF 

B 

L7 

15 

achieved 

8.7 

PBFAn 

9 

17 

achieved 

8.6 

SABRE 

IB9I 

5 

17 

achieved 

17 

SABRE 

p 

1 -stage 

5 

12 

proposed 

12 

SABRE 

p 

2-stagc 

5 

9 

proposed 

9 

Hermes  in 

u 

2-stage 

14 

9 

proposed 

6 

LMF 

LI 

2-stagc 

35 

6 

proposed 

6 

^barrel  dicxlc;  all  other  cases  arc  extraction  diodes. 
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Abstract 

Ion-driven  inertial  confinement  fusion  requires  transport  of  intense  beams  over 
several  meters  to  isolate  the  ion  source  from  the  target  explosion  and  allow  for 
focusing  and  time-of-flight  bunching.  Transport  in  a  low  pressure  background  gas 
is  possible  only  if  rapid  beam-induced  gas  ionization  leads  to  formation  of  a 
plasma  with  electrical  conductivity  sufficient  to  charge-  and  current-neutralize  the 
beam.  In  order  to  minimize  collisional  energy  loss  and  scattering  of  the  beam, 
helium  at  l-Torr  pressure  is  proposed  for  the  background  gas.  Transport  in  the  1- 
Torr  regime  is  not  well  understood  because  this  pressure  falls  between  the  high- 
density  regime  treated  by  resistive  models,  and  the  low-density  regime  treated  by 
collisionless  models.  Experiments  and  theoretical  analyses  are  being  carried  out 
to  study  beam-induced  gas  ionization  in  this  pressure  regime  in  order  to  evaluate 
its  impact  on  the  various  transport  schemes  including  ballistic  transport  with 
solenoidal  lens  focusing,  self-pinched  transport,  z-discharge  transport,  and  wire- 
guided  transport.  Work  in  this  area  is  reviewed  along  with  other  transport 
considerations  including  beam  transport  efficiency,  beam-driven  instabilities,  and 
beam  energy  losses. 


I.  Introduction 

The  Laboratoiy  Microfiision  Facility 
(LMF)  has  been  proposed  for  the  study  of 
high-gain,  high-yield  ICF  targets,  i  A  number 
of  transport  and  focusing  schemes  are  being 
considered  for  LMF.2  The  baseline  approach 
is  ballistic  transport  with  solenoidal  lens 
focusing3.4  (BTSl^,  and  back-up  approaches 
include  z-discharge  transport^  (ZDT),  wire- 
guided  transport^  (WGT),  and  self-pinched 
transport^  (SPT).  Work  at  the  Naval  Research 
Laboratory  (NRL)  is  concentrating  on  the 
important  physics  issues  associated  with  beam 
transport  and  on  evaluating  these  transport 
schemes  for  LMF. 


IL  Beam-Induced  Gas  Ionization 

Experiments  and  theoretical  analyses 
are  being  carried  out  to  study  beam-induced 
ionization  of  gases  in  the  1-Torr  pressure 
regime  in  order  to  evaluate  its  impact  on  the 
various  transport  schemes.  This  pressure  re¬ 
gime  falls  between  the  high-density  collisional 
regime  and  the  low-density  collisionless  re¬ 
gime.  Fast  electrons,  produced  by  beam-ion 
impact,  knock-on  collisions,  and  mnaway 
processes,  can  have  mean-free-paths  on  the 
order  of  the  beam  radius  leading  to  nonlocal 
secondary  ionization.  In  initial  experiments  to 
study  this  physics,  1-MeV,  l-kA/cm^  proton 
beams  were  produced  on  Gamble  E  by 
collimating  the  beam  from  a  pinch-reflex  ion 


Table  I  -  Comparisons  of  Data  with  Theory  for  Helium 

15  -3 

Net  Currents  (kA)  Electron  Densities  (10  cm  ) 


Pressure 

(Torr) 

Measured 

IPROP  IPROP 

DYNAPROP 

Measured  IPROP 

IPROP  DYNAPROP 

(r  =  4  cm) 

(r  =  4  cm)  (r  =  1.5  cm) 

(r=  1.5  cm) 

(line  average)  (r  =  0) 

(r  =  1.5  cm) 

(r  =  0) 

0.25 

0,31 

0.31  0.9 

1.3 

0.2 

0.2 

0.2 

1.0 

0.32 

0.39  1.0 

1.5 

0.7  l.O 

0.6 

0.7 

4.0 

0.47 

0.63  1.6 

2.1 

1.5  3.2 

1.8 

1.9 

diode.  The  beam  from  the  collimator  was  1.5 
cm  in  radius  and  limited  to  a  divergence  of 
about  50  mrad.  Beams  were  transported 
through  helium,  neon,  argon,  and  air  at  pres¬ 
sures  in  the  range  of  0.25  to  4  Torr.  Details  of 
this  experiment  are  described  m  Ref.  8.  Small 
net  currents  (2%-8%)  were  measured  outside 
the  beam  channel  with  a  dB/dt  monitor  located 
at  a  radius  of  4  cm.  Net  current  fractions  are 
smaller  for  neon  and  air  and  larger  for  helium 
and  argon.  They  also  tend  to  increase  with 
pressure.  Interferometric  measurements 
across  the  channel  indicated  that  these  gases 
are  only  weakly  ionized  (0.6%-5%)  and  that 
the  ionization  is  confined  predominantly  to  the 
beam  channel.  Measured  net  currents  and 
electron  densities  for  helium  are  shown  in 
Table  I.  Transported  beam  currents  for  these 
shots  were  about  6  kA. 

The  DYNAPROP9  and  IPROPl®  codes 
were  used  to  analyze  these  experiments. 
DYNAPROP  is  a  1-D  code  which  uses  a  resis¬ 
tive  model  to  treat  plasmas  created  by  beam 
interactions  with  high-density,  collisional 
gases.  Fast  electrons  are  not  treated.  IPROP 
is  a  3-D  hybrid  code  which  treats  beam  ions 
and  fast  electrons  (>100  eV)  as  particles.  The 
remaining  electrons  are  treated  as  a  resistive 
medium,  and  plasma  ions  form  a  stationary 
background.  Results  from  the  simulations  are 
compared  with  the  measurements  for  1-Torr 
helium  in  Table  I.  Both  codes  predict  net 
currents  at  the  beam  radius  (1.5  cm)  that  are 
substantially  larger  than  net  currents  measured 
outside  the  beam.  As  shown  in  Fig.  1,  an 
IPROP  simulation  (with  fast  electrons) 


predicts  net  currents  outside  the  beam  at  the 
dB/dt  monitor  location  which  agree  with 
experiment.  In  this  simulation,  fast  electrons 
carry  a  significant  fraction  of  the  return 
current  at  the  beam  edge.  An  IPROP  simula¬ 
tion  without  fast  electrons  does  not  agree  with 
the  experiment.  Measurements  of  ion  energies 
after  transport  show  energy  losses  that  are 
consistent  with  beam  slowing  in  an  induced 
electric  field  due  to  an  effective  net  current 
within  the  beam  channel  that  is  larger  than  the 
net  current  measured  outside  the  beam.  These 
results  imply  that  fast  electrons  and  nonlocal 
ionization  play  an  important  role  in  this 
pressure  regime. 

Electron  densities  predicted  by  both 
codes  are  consistent  with  the  measured  densi¬ 
ties  for  helium  as  indicated  in  Table  I.  The 


Fig.  1.  Net  current  fraction  enclosed  within  a  given 
radius.  Solid  (dashed)  curve  is  from  IPROP 
simulation  with  (without)  fast  electrons.  Square 
point  is  experimental  measurement  and  circular 
point  is  from  DYNAPROP  simulation. 
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magnitude  of  the  density  is  consistent  with  ion 
impact  ionization  being  the  predominant  elec¬ 
tron-production  mechanism.  At  higher  LMF- 
level  currents,  electron  avalanche  is  expected 
to  be  the  dominant  mechanism. 

Results  from  these  and  future  exper¬ 
iments  will  be  used  to  benchmark  IPROP  in 
order  to  extrapolate  to  LMF  transport  para¬ 
meters.  For  BTSF,  current  neutralization  must 
be  evaluated  both  in  the  ballistic-transport 
regions  and  in  the  solenoidal-lens  region.  Net- 
current  fractions  of  <  0.1%  are  required. 
Larger  net  currents  will  act  as  a  distributed 
lens  which  must  be  taken  into  account.  For 
SPT,  net  currents  of  >  2%  are  required  in  the 
pinch  region.  Current  neutralization  must  also 
be  evaluated  in  the  ballistic  focusing  region 
for  ZDT,  WGT  and  SPT  in  order  to  determine 
the  location  of  the  beam  focus. 

ni.  LMF  Transport  Efficiency 

The  light-ion  LMF  approach  uses  a 
multimodular  system  with  applied-B  extrac¬ 
tion  diodes  as  ion  sources.  The  number  of 
modules  N  is  expected  to  be  between  10  and 
30.  Beams  are  extracted  from  these  diodes 
and  transported  to  the  target.  The  transport 
efficiency  Tit  defined  as  the  ratio  of  the  ion 
energy  produced  in  all  N  diodes  to  the  total 


Fig.  2.  Transport  efficiency  as  a  function  of  diode 
radius  for  a  BTSF  system. 


ion  energy  which  hits  the  target,  rit  has  been 
calculated  as  a  function  of  various  parameters 
so  that  LMF  point  designs  can  be  developed 
for  BTSF,  ZDT,  and  WGT.  Results  for  SPT 
should  be  similar  to  ZDT  results. 

Focus  sweeping  due  to  a  voltage  ramp 
for  time-of-flight  (TOF)  bunching  has  recently 
been  considered. '  ^  This  voltage  ramp  will  de¬ 
crease  Tit.  Because  BTSF  is  nearly  achro- 
matic^dl,  the  focus  sweep  effect  reduces  Tit 
the  least  for  this  scheme.  Results  for  all  three 
transport  schemes  are  shown  in  Figs.  2-4  as  a 
function  of  the  diode  radius  R  and  the 
bunching  factor  a.  The  parameter  A  is  the  dis¬ 
tance  between  the  anode  and  the  foil  which 
separates  the  diode  vacuum  region  from  the 
gas-filled  transport  region.  For  BTSF,  A  is 
varied  to  achromatically  match  the  diode  lens 
with  the  solenoidal  lens.  For  the  cases  shown 
in  Figs.  2-4,  the  beam  microdivergence  is  5 
mrad,  the  focal  length  F  is  150  cm,  the  total 
ion  energy  at  the  diode  sources  Eg  is  20  MJ, 
the  number  of  modules  N  is  20,  the  target 
radius  is  1  cm,  and  the  beam  pulse  duration  at 
the  target  is  15  ns.  Here,  F  refers  to  the 
solenoidal  lens  focusing  length  for  BTSF,  and 
the  ballistic  focusing  distance  between  the 
diode  and  the  channel  entrance  for  ZDT, 
WGT,  and  SPT.  The  achromatic  matching 


Fig.  3.  Transport  efficiency  as  a  function  of  diode 
radius  for  a  ZDT  system. 
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Fig.  4.  Transport  efficiency  as  a  function  of  diode 
radius  for  a  WGT  system. 

condition  has  been  applied  in  the  case  of 
BTSF,  while  the  channel  current  I(,  and  the 
wire  current  1^  are  set  equal  to  40  kA  for  ZDT 
and  WGT.  These  results  also  assume  a  square 
profile  for  the  beam  microdivergence  and  that 
the  ion  current  from  the  diode  scales  as  the 
square  of  the  diode  voltage. 

Results  indicate  that  reasonably  high 
transport  efficiency  (>  50%)  can  be  obtained 
for  all  three  systems  for  bunching  factors  as 
large  as  a  =  3  with  R  <  15  cm.  In  particular, 
the  point  design  for  LMF  using  the  baseline 
BTSF  system  with  R  =  15  cm  and  a  =  2  is 
calculated  to  have  Tjt  =  84%.  At  the  same 
values  of  R  and  a,  the  ZDT  system  has  = 
72%  and  the  WGT  system  has  qt  =  60%. 

The  results  assume  that  the  system  is 
tuned  to  obtain  optimum  power  efficiency  on 
target  at  midpulse.  This  maximizes  qt  for  a 
given  set  of  system  parameters.  However, 
target  considerations  suggest  that  optimum 
power  efficiency  should  occur  near  peak 
power  (i.e.,  at  the  end  of  the  pulse  for  a  TOF 
ramped  voltage  pulse).  It  has  been  found^^ 
that  tuning  the  system  for  optimum  power 
efficiency  at  the  end  of  the  pulse  can  signif¬ 
icantly  reduce  q^.  A  compromise  is  obtained 
by  tuning  the  system  to  optimize  power 
efficiency  three-quarters  of  the  way  through 


the  pulse.  In  this  case,  q^  is  only  slightly  re¬ 
duced  and  the  power  efficiency  at  the  end  of 
the  pulse  is  on  the  order  of  95%  for  all  three 
transport  schemes. 

rV.  Summary 

Beam-induced  gas  ionization  experi¬ 
ments  for  evaluating  beam  transport  schemes 
for  LMF  have  begun.  Future  experiments  on 
Gamble  II  will  use  an  applied-B  extraction  ion 
diode.  Presently,  an  exploding  hietal  foil 
anode  plasma  source  (EMFAPS)  is  being  de¬ 
veloped  for  this  diode.  Gas  ionization  induced 
by  the  annular  ion  beam  from  this  diode  will 
be  studied  both  in  field-free  space  and  in  the 
transverse  magnetic  field  of  a  solenoidal  lens. 
In  addition,  consideration  of  beam  energy 
losses  during  transport,  thresholds  for  beam- 
driven  instabilities  and  background  plasma 
magnetohydrodynamics  will  be  combined  with 
transport  efficiency  calculations  to  define  an 
operational  window  for  each  LMF  transport 
scheme. 
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Abstract 


Present  LlF  target  experiments  on  PBFA 11  use  a  barrel  diode  in  which  the  total 
transport  length  from  the  anode  to  the  target  is  S  Id  cm..  Future  IFF  development 
includes  high  yield  applications  (IMF)  and  enerp  production  (^F  and  UBRA 
power  plants)  that  require  standoff  -  the  generation  of  extracted  ion  beams  and 
transport  cf  these  beams  over  distances  of  several  meters.  Standoff  research 
includes  the  development  of  high  ^iciency  extraction  dioda  (single  stage  and 
two‘Stage),  inqfrovements  in  beam  quality  (divergence, purity,  uniformity,  etc.), 
and  the  efficient  transport  and  focusing  if  these  beams  over  distances  of  several 
meters  to  a  fusion  target.  Progress  in  all  of  these  areas  is  discussed,  as  well  as  a 
strategy  to  reduce  the  divergence  from  the  present  27  mradfor  5  MeV  protons  on 
SABRE  to  the  required  6  mrad  for  35  MeV  U  ions  for  IMF.  The  status  of 
experiments  is  summarized,  and  future  directions  are  indicated. 


Introduction 

The  Light  Ion  Fusion  (LIF)  program  at 
Sandia  National  Laboratories  (SNL)  is 
developing  light  ion  drivers  for  the  long  range 
goals  of  high-yield  applications  and  encipr 
production.  The  high  yield  applications  require 
development  of  a  laboratory  microfusion 
facility  (LMIO  'with  a  fusion  yield  of 
200-1000  MJ  for  an  input  beam  energy  of  the 
order  of  10  MJ,  on  a  single%ot  basis,  ^eigy 
production  requires  fusion  yields  of  tiib  order 
of  200-600  MI  for  an  input  beam  energy  of 
several  MJ  and  a  repetition  rate  of  several  Hz. 
Present  LIF  target  experiments  on  PBFA  II  use 
a  barrel  diode  in  which  the  total  transport 
length  from  the  barrel-shaped  anode  to  the 


centrally-located  target  is  ^  15  cm.  Future  LIF 
development  will  require  standoff  -  the 
generation  of  extracted  beams  and  the 
transport  of  these  beams  over  distances  of 
several  meters  frpm  the  diode  to  die  target  In 
this  paper,  recent  results  and  the  status  of 
research  on  standoff  are  summarized, 
including  future  development  (^tions. 

Generation  of  Extracted  Beams 
Extraction  diodes  are  i^uircd  for  aU 
high  yield  and  energy  applications.  Barrel 
diodes  and  extraction  diodes  are  compared  in 
Fig.  1.  Barrel  diodes  arc  used  on  PBFA  11  and 
have  been  the  foundation  of  the  LIF 
program.  Extraction  diodes  have  bcch.used_on 
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The  ion  beam  microdivcrgcnce  is 
being  examined  in  3D  QUICKSILVER 

simulations  of  the  SABRE  diode^.  Earlier 
woric  indicated  divergences  in  extraction 
diodes  were  typically  lower  than  in  barrel 
diodes.  The  present  simulations  use  a 
geometry  closer  to  the  SABRE  diode,  and 
actual  values  of  experimental  applied  B  fields 

and  driver  voltages.  The  instability  evolution^^ 
still  shows  a  diocotron  instability  (with  6ft  ~  10 
tnrad)  followed  by  a  transition  to  the  ion  mode 
(with  0,i  ^  30mrad).^  VUV  and  visible 
spectroscopy  diagnostics  ate  now  used  to  view 
the  SABRE  A-K  gap  and  should  help  lead  to  a 

detailed  understanding  of  6ji(t).^^ 

A  divergence  reduction  strategy  has  been 
developed  to  reach  the  goal  of  6f^  —  6  mrad  for 
35  MeV  Li  for  LMF,  which  is  required  for  all 
transport  modes.  In  Table  1,  a  summary  of 


achieved  and  proposed  divergence  values^  is 
given.  For  each  case,  the  accelerator,  ion 
species,  diode  type,  ion  energy,  and  6fj^  arc 
shown.  Also  shown  is  the  equivalent  6ft  for 
LMF.  This  is  defined  by  assuming  the  ion 
transverse  temperature  is  fixed  and  the  ion 
axial  velocity,  vj,  is  increased  to  p  =  vj/c  =  0.1. 
This  concept  of  divergence  reduction  has 
already  been  demonstrated  in  two-stage  diode 
experiments  on  ALIAS,  Note  that  a  5  MeV 
proton  and  a  35  MeV  U  ion  have  the  same 
value  of  p.  Most  importantly,  note  that  LMF 
equivalent  values  of  6ft  <  9  mrad  have  already 
been  achieved  on  ALIA>S.  KALIF.  PBFA  IL 
T. TON,  and  GAMBLE H. 

The  last  three  lines  in  Thblc  1  outline  our 
strategy  for  achieving  6  mrad  for  LMF.  The 
first  goal  is  to  achieve  12  mrad  for  5  MeV 
protons  in  a  single-stage  diode  on  SABRE. 
This  represents  a  substantial  improvement 


Thble  L  Microdivergence  (0,t);  Achieved  and  Proposed. 


Equivalent  Gft(mrad) 
for  LMF  (p  =  0.1; 


Accelerator 

Ion 

Diode 

eiCMeV) 

6ft(mrad) 

Status 

5  MeV  p  or  35  MeV  Li) 

ALIAS 

P 

1-stage 

<0.6 

19 

achieved 

<6.6 

ALIAS 

P 

2-Stage 

>1 

10 

achieved 

>4.5 

KALIF 

P 

1-stagc 

1.7 

15 

achieved 

8.7 

PBFAn 

U 

l-stagc* 

9  . 

17 . 

achieved 

8,6 

SABRE 

P 

l-6tage 

5 

17 

achieved 

17 

UON 

P 

1-stagc 

1 

19 

achieved 

8,5 

GAMBLE  n 

P 

1-stage 

1 

17 

achieved 

7.6 

SABRE 

P 

1-stage 

.5 

12 

proposed 

12 

Hermes  in 

u 

2-stagc 

14 

9 

proposed 

6 

LMF 

u 

2-stage 

35 

6 

proposed 

6 

*banel  diode;  all  other  cases  are  extraction  diodes. 
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schemes  require  a  channel  current  !<• "  50  kA. 
The  cunent  ^  ®  preformed 

discharge  (•wall-confined  transport),  a  wire 
(viTTC-guided  transport),  or  from  the  net  current 
resulting  from  gas  breakdown  (self-pinched 
transport). 

Self-pinched  transport,  as  shown  in 
Fig.  3,  should  be  particularly  attractive  for 
high  yield  and  energy;  here  it  is  proposed  to 
first  transport  the  beam  in  the  self-pinched 
mode  in  a  guide  tube  over  a  sizeable  distance 

(Si  meter)  to  establish  apropagadon  axis  and 
a  quasi-equilibiium  radial  distribution 
function.  The  aimed  beam  then  continues 
directly  into  the  chamber  in  the  pinched  mode. 
Self-pinched  transport  is  attractive  because  it 
requires  only  small  holes  in  the  chamber  wall, 
ne^  no  apparatus  inside  the  chamber,  permits 
gas  in  the  chamber,  and  allows  the  diode  to  be 
shielded  from  x-rays  and  debris.  Self-pinched 
transport  has  not  been  demonstrated  yet 

Both  channel  transport  and  wire-guided 
transport  have  been  thoroughly  demonstrated 
at  low  energy  (1  MeV  p)  and  are  expected  to 
woilc  at  L^^  energies  (35  MeV  li),  but 
require  some  transport  apparatus  Oow  mass 
tubes  or  wires)  inside  (he  containment 
chamber;  these  schemes  could  be  used  for 
LMR  The  achromatic  lens  system  andsclf- 


-pinched  transport  are  attractive  because  no 
apparatus  is  required  inside  the  containment 
chamber,  these  schemes  can  be  used  for  LMF 
and  LIBRA. 

AH  light  ion  transport  schemes  involve 
ion  beam  interactions  with  neutral  gas,  plasma, 
or  electrons  to  provide  charge  neutralization 
and  some  current  neutralization.  Present 
transport  research  is  developing  a  thorough 
physics  understanding  of  gas  breakdown, 
which  is  needed  for  both  the  achromatic  lens 
system  and  self-pinched  transport,  as  well  as 
the  ballistic  transport  input  section  of  all 
channcl-likc  schemes.  Specifically,  very  high 

current  neutralization  (  -  99.9%)  is  needed  for 
the  achromatic  lens  system,  and  moderate 
current  neutralization  (-  90-98%)  is  needed  for 
self-pinched  transporL 

Detailed  gas  breakdown 

experiments^’^  are  being  performed  on 
GAMBLE  H  at  N3U.  at  the  10  kA  proton  level; 
the  results  are  in  good  agreement  with  IPROP 

computer  codc^^  results  (sec  follovdng 
paper).^  A  unique  result  is  that  fast  elections 
can  create  a  halo  conductivity  region  outside 
the  beam.  IPROP  treats  fast  electrons 
(>  100  eV)  as  particles,  and  is  thus  able  to 
predict  non-local  breakdown  effects. 
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Fig.  3  Self-pinched  transport  for  high  yield  and  energy. 


Table  H.  Development  of  pulsed  power/extracUon  diodes/transport  for  high 
yield  and  energy 
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ABSTRACT;  Rutherford  scattering  measurements  of  pulsed  proton  beams  on 
Gamble  n  are  carried  out  and  analyzed  to  evaluate  the  usefulness  of  this  tecluiique 
as  a  proton-fluence  diagnostic  in  low-pressure  background  gases.  Scattered  protons 
are  recorded  with  a  silicon  PIN  detector.  The  target  must  be  thin,  and  a  tliin  filter 
must  be  used  on  tlie  detector  to  make  reliable  measurements.  Also,  the  proton 
energy  spectrum  must  be  sufficiently  well  known  to  estimate  the  mean  proton 
energy  and  to  correct  for  proton  energy  losses  in  the  target  and  in  the  filter  on  tlie 
detector. 

For  the  "backless"  pinched-beam  diode,  reduced  proton  energies  are  inferred 
from  two  different  measurements.  Proton  energy  losses  in  different  tliickness  filters 
on  tlie  PIN  diode  are  larger  than  expected.  Also,  proton  flight  times  fi'om  tlie  anode 
to  the  detector  are  longer  than  expected.  Both  of  these  measurements  are  consistent 
with  proton  energies  tliat  are  smaller  than  expected  firom  the  measured  diode 
voltage.  Bunching  of  the  beam  pulse  is  observed  as  the  flight  path  is  increased, 
consistent  with  reduced  proton  energy  at  the  head  of  the  beam.  Protons  at  tlie  beam 
head  may  be  reduced  in  energy  due  to  electric  fields  induced  at  the  head  of  the 
beam.  When  the  beam  is  injected  into  vacuum,  a  burst  of  energetic  electrons, 
possibly  driven  by  such  fields,  is  observed  during  the  onset  of  the  ion  pulse.  Time- 
resolved  magnetic  spectrometer  measurements  close  to  the  ion  diode  are  proposed 
to  localize  and  possibly  identify  where  this  energy  loss  occurs. 
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DEVELOPMENT  OF  RUTHERFORD  SCATTERING 
TO  DIAGNOSE  PROTON  BEAMS  FROM  GAMBLE  II 

1.  Introduction 

Measurements  of  elastically  scattered  ions  can  potentially  provide  a  simple 
time-resolved  diagnostic  for  intense  pulsed  ion-beam  fluences  in  low  pressure 
background  gases  as  envisioned  for  light-ion  ICF  transport  schemes.  Direct 
measurements  of  ion  currents  with  charge  collecting  diagnostics  have  failed  to 
provide  a  reliable  time-resolved  measure  of  the  kA/cm^  beams  in  low  pressure 
background  gases  (~  1  Torr)  required  to  current  neutralize  tliese  beams  for  efficient 
transport  over  several  meters  to  the  pellet  target. '  Silicon  PIN  diode  charged- 
particle  detectors  have  been  operated  successfully  in  1-Torr  air,  and  elastic 
scattering  provides  a  convenient  and  simple  way  to  reduce  tlie  ion  beam  fluence  to  a 
level  appropriate  for  such  detectors. 

The  cross  section  for  elastic  scattering  ofMeV  protons  depends  on  tlie  incident 
proton  energy,  the  target  atomic  number  and  tlie  angle  of  tlie  scattered  protons 
relative  to  the  direction  of  tlie  incident  protons.  This  Rutlierford  scattering  cross 
section  in  mb/sr  may  be  written: 

a  =  1 .3  {Z/Ef  /sin'‘(a/2)  (1) 

where  E  is  the  incident  proton  energy  in  MeV,  Z  is  the  atomic  number  of  the  target 
nucleus,  and  a  is  the  laboratory  scattering  angle.^  In  tlie  present  experiments,  all  of 
the  measurements  are  made  at  a  =  90°.  For  this  case,  Eq.  1  becomes: 

a  =  5.2  (Z/Ef  (2) 

This  cross  section  is  appropriate  for  targets  of  sufficiently  high  atomic  number  so 
that  the  incident  proton  energy  is  well  below  the  Coulomb  barrier,  and  contributions 
fi-om  nuclear  resonances  are  negligible.  For  protons  on  aluminum,  the  Coulomb 
barrier  is  ~  4  MeV,  well  above  the  1-MeV  energies  used  in  this  experiment. 

For  a  finite  thickness  target,  the  number  of  scattered  protons  is  given  by 

Ns  =  71 Ax  a  D  =  5.2  X  10’^^  nN  Ax  (Z/Ef  Q.  (3) 

where  n  is  the  number  of  incident  protons,  N  is  the  number  of  target  nuclei/cm  ,  Ax 
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is  the  target  thickness  in  cm,  and  Q.  is  the  solid  angle  of  the  detector,  in  sr.  If  the 
target  is  sufficiently  tliick,  it  is  necessary  to  integrate  over,  the  target  thickness. 

Then  Eq.  3  becomes: 

Ns  =  5 .2  X  1 0'^^  n  Q I H{zE^)  dE  (4) 

where  8  =  {\IN){^ldoc)  is  the  proton  stopping  cross  section.  If  the  target  is 
sufficiently  thin,  this  integration  may  not  be  necessary.  Most  of  the  measurements 
in  this  Technote  were  made  with  thin  aluminum  targets  (0.8-pm  tliick)  for  which  the 
energy  loss  of  I-MeV  protons  is  only  40  keV. 

In  pulsed  power,  experiments,  n,  E  and  Ns  are  time  dependent.  At  each  instant 
in  time,  it  is  assumed  that  thesre  is  a  unique  incident  number,  of  protons  n(t)  of 
energy  E(t).  Then  the  number  of  scattered  protons  at  time  4  is  given  by 

Ns  (4)  =  5.2  X  10'^^  n(t)  a\\lizE^(t))  dE  (5) 

where  4  =  /  +  v/4  The  time  shift  (v//)  is  the  flight  time  for.  ions  of  velocity  v 
{E  =  mv^/2)  over,  a  distance  /  from  the  location  where  the  proton  fluence  is  to  be 
detennined  to  the  detector. 

In  these  experiments  a  silicon  PIN  detector,  is  used  to  measure  the  scattered 
protons.  The  output  of  this  detector,  is  proportional  to  the  product  of  the  number  of 
protons  incident  on  the  detector,  and  their  energy  after,  the  protons  have  been 
scattered  from  the  target  and  transmitted  through  a  thin  filter,  on  the  front  of  the 
detector.  For  90°  scattering  by  an  ion  of  mass  Mi  from  a  target  nucleus  of  mass  M2, 
the  scattered  ion  energy  is  given  by: 

Es  =  (M2^-Mi2)/(Mi  +  M2)^E:  (6) 

which  reduces  to  Eg  =  0.93  E  for  protons  on  aluminum.  For.  a  thin  aluminum  target, 
the  energy  on  the  PIN  diode  after  traversing  the  filter,  is: 


Ed  =  N,  E,  (1  -/)  =  0.049  (n  /Ir  n  (1  -/y  (7) 

where/ is  the  fraction  of  energy  lost  in  the  filter,  on  the  front  of  the  detector. 
Equation  6  has  been  used  for.  Eg,  and  Eq.  3  has  been  used  forNg  with  Z  =  13  and 
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N  =  6.03  X  IG^Vcml  The  thickness  of  the  filter  on  the  front  of  the  detector  is  varied 
in  the  experiments  in  this  Technote  in  order  to  estimate  scattered  proton  energies. 

The  time-integrated  signal  recorded  by  a  PIN  diode  is  proportional  to  tlie  energy 
Ed  and  can  be  used  to  determine  the  total  mcident  ion  beam  energy  represented  by 
(n  E)  in  Eq.  7.  Charge  from  the  PIN  detector  is  integrated  with  50  O  to  record  the 
signal  in  Volts.  Then,  the  timc-mtegrated  signal  in  Volt-s  is  given  by 


Sj  V(t)  dt  =  (50  Ed  3.62  eV)  Ed  (8) 

for  Ed  in  Joules.  The  denominator  is  the  average  ion  energy  lost  per  ion  pan- 
produced  in  silicon.  The  incident  fluence  is  determined  from  the  measured  value  of 
Ej  by  combining  Eqs.  7  and  8.  The  fluence  is  given  by; 

V^(n  E)/A  =  1.48  Sj  E^  l[A  A)cEl{\  -/)]  (9) 

where  A  is  the  beam  area  exposed  to  the  scattering  foil.  Knowledge  of  the  ion 
energy  spectrum  is  required  to  evaluate  the  quantities  andy^in  Eq.  9.  In  this 
Technote,  ion  beam  fluences  determined  from  Eq.  9  are  compared  with  fluences 
measured  with  calorimeters. 

During  February-March  1994,  measurements  were  carried  out  on  Gamble  11  to 
evaluate  the  validity  and  reliability  of  Rutherford  scattering  as  an  ion-fluence 
diagnostic  for  ion  beams  transported  in  low  pressure  gases.  This  Technote  presents 
the  results  of  those  measurements.  The  experimental  procedure  is  described  in 
Sect.  II.  The  results  of  time-integrated  measurements  are  presented  in  Sect.  Ill  and 
time-resolved  measurements  in  Sect  IV.  The  implications  of  these  results  are 
discussed  in  Sect.  V. 

n.  Experimental  Procedure 

An  ion  beam  produced  with  the  "backless"  pmched-beam  diode^  on  Gamble  n 
is  injected  through  a  1 .8-pm  thick  Kimfol  into  l-Torr  air.  The  beam  is  transported 
in  l-Torr  air  to  scattering  foils  initially  located  at  173  cm  from  the  anode  [Fig.  1(a)] 
and  later  at  23  cm  from  the  anode  [Fig.  1(b)].  At  173  cm,  the  beam  has  expanded  to 
fill  a  50-cm  diam  tank,  and  an  array  of  up  to  four  scattering  foils  is  fielded  on  a  5-cm 
radius.  Each  foil  is  exposed  to  the  ion  beam  through  a  1 .27-cm  diam  aperture,  as 
illustrated  in  Fig.  1(a).  The  foils  are  located  2.5  cm  behind  the  apertures  and  are 
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mounted  at  45°  to  the  incident  beam.  Each  foil  is  2.5  cm  in  diameter  in  order  to 
intercept  all  of  the  beam  transmitted  through  the  aperture.  Silicon  PIN  diode 
detectors  located  at  90°  to  the  incident  beam  and  at  8  to  20  cm  from  each  scattering 
foil  (i.e.,  target)  are  used  to  record  scattered  ions  .  Scattered  ions  may  be  recorded 
either  in  transmission  or  in  reflection;  however,  reflection  must  be  used  for  thick 
targets.  Carbon  calorimeters  of  2.3-cm  diameter  located  adjacent  to  the  target 
apertures  are  used  to  measure  incident  ion  beam  fluences. 

When  proton  scattering  is  measured  at  23  cm  from  the  anode,  the  beam  has  not 
expanded  much  so  a  single  target  can  be  used  to  sample  a  majority  of  the  ion  beam, 
as  shown  in  Fig.  1(b).  At  this  distance,  a  7.5-cm  diam,  0.8-|Lun  thick  aluminum 
scattering  foil  is  mounted  at  45°  to  the  incident  proton  beam  direction.  The  incident 
beam  on  this  target  is  restricted  by  a  5-cm  diam  aperture  located  17  cm  from  the 
anode.  Scattered  ions  are  recorded  by  PIN  diodes  located  at  distances  of  68.5, 46, 
or  22  cm  from  the  target  and  at  90°  to  the  incident  beam  direction.  Measurements 
are  made  in  both  reflection  and  transmission  on  most  shots. 

Two  types  of  PIN.  diodes'^  are  used  in  these  experiments.  A  large-area  diode 
(25  mm^)  of  125-pm  depletion  depth  is  compared  with  a  small-area  diode  (3  mm^ 
apertured  to  1-mm  diam)  of  35-pm  depletion  depth.  Both  detectors  are  expected  to 
have  subnanosecond  time  response,  and  silicon  dead-layer  entrance  windows  on 
these  detectors  are  typically  0.75  pm.  Initially,  a  2.5-pm  thick  titanium  filter  was 
used  on  each  diode  to  prevent  exposure  to  visible  and  UV  radiation.  The  energy 
loss  of  1-MeV  protons  in  this  filter  is  160  keV.  Later,  aluminum  filters  of  0.8, 1.8, 
4.0  or  7.0-pm  thickness  were  used.  For  most  of  the  measurements  in  this  Technote, 
a  0.8-pm  aluminum  filter  is  used  .  The  energy  loss  of  1-MeV  protons  in  this  filter  is 
only  40  keV. 

Measurements  with  these  two  PIN  diodes  on  Shots  5938  and  5940  are 
compared  in  Fig.  2.  The  diode  voltage  Vd  and  the  ion  current  li  are  also  presented 
for  these  two  shots.  To  compare  the  PIN.  diodes,  the  sensitivity  of  the  large-area 
diode  is  reduced  with  a  1-mm  diam  pinhole  for  comparison  with  the  small-area 
diode.  For  the  measurement  in  Fig.  2(a),  this  pinhole  is  located  close  to  the  PIN 
diode  so  that  only  the  central  portion  of  the  sensitive  area  of  the  diode  is  exposed  to 
scattered  ions.  In  this  case,  the  signal  exhibits  a  long  tail  relative  to  the  signal  fi'om 
the  small-area  diode.  This  behaviour  is  attributed  to  local  space-charge  buildup  in 
the  PIN.  diode  which  reduces  the  electric  field  and  increases  the  charge-collection 
time.  Relocating  the  pinhole  to  expose  the  fiill  sensitive  area  of  the  detector  to 
scattered  ions  gives  the  result  in  Fig.  2(b).  Now  the  full  electric  field  is  restored  and 
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rapid  charge  collection  is  observed.  In  this  case,  signals  of  similar  shape  are 
recorded  by  both  detectors.  The  signal  jfrom  the  large-area  detector  in  Fig.  2(b)  is 
delayed  because  tliis  detector  is  now  10  cm  farther  from  the  target.  It  is  also  noted 
in  Fig.  2  that  the  larger-volume  detector  is  more  sensitive  to  diode  bremsstrahlung. 
For  another  shot  where  both  detectors  view  the  same  0.8-pm  aluminum  target,  one 
in  transmission  and  one  in  reflection,  the  ratio  of  the  time-integrated  signals  agrees 
with  the  ratio  of  the  detector  solid  angles  to  within  5%.  Reliable  time-resolved 
measurements  can  be  made  with  either  detector;  however,  the  large-area  detector 
must  be  properly  apertured.  Small-area  PIN  diodes  are  used  for  the  remaming 
measurements  in  this  report  because  multiple  detectors  could  be  fielded  easily  on  a 
single  shot;  signals  of  several  volts  are  obtained  even  with  thin  aluminum  targets; 
and  the  bremsstrahlung  contribution  is  minimized  even  when  the  detectors  are 
located  close  to  the  ion  diode.  Operating  both  PIN  diodes  in  1-Torr  air  has 
produced  some  failures.  Fielding  four  diodes  per  shot  for  17  shots  resulted  in  three 
diodes  with  unacceptably  large  leakage  current  (>  30  jiA). 

The  variations  of  scattered-ion  intensity  with  target  atomic  number  and  with 
different  thickness  targets  in  Fig.  2  give  an  indication  of  some  of  the  difficulties 
encountered  with  this  diagnostic.  All  of  the  measurements  in  Fig.  2  are  made  with 
2.5-pm  titanium  filters  on  the  PIN.  diodes.  When  an  aluminum  target  is  used  instead 
of  gold,  the  small-area-diode  scattered-ion  signal  decreases  by  a  factor  of  ten. 
However,  a  reduction  of  forty  is  expected  based  on  the  Z-dependence  of  the 
Rutherford  scattering  cross  section.  When  the  aluminum  target  thickness  is  reduced 
from  a  thick  target  (i.e.,  thickness  greater  than  the  proton  range)  to  0.8  pm,  the 
scattered-ion  intensity  decreases  by  a  factor  of  four.  This  decrease  is  less  than 
expected  from  the  linear  dependence  on  target  thickness  in  Eq.  7 .  Interpreting  these 
scattered-ion  measurements  is  complicated  by  ion  energy  losses  in  the  target  and  in 
the  filter  on  the  detector.  These  issues  are  addressed  in  the  following  experiments. 

III.  Time-Integrated  Measurements. 

A.  Scaling  with  Target  Thickness 

The  dependence  of  the  scattered-ion  intensity  on  the  thickness  of  the  target  is 
determined  on  a  single  shot  by  using  an  array  of  four  PIN.  diodes  to  record  scattered 
ions  from  aluminum  targets  of  0.8-,  1 .8-,  4.0-,  and  7 .0-pm  thickness.  The  results 
are  presented  in  Fig.  3.  The  relative  sensitivity  of  each  detector  was  measured  on  a 
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separate  shot  with  all  four  detectors  viewing  2.5-pm  thick  titanium  targets.  The 
standard  deviation  for  tlie  average  of  these  four  measurements  is  ±  9%.  This 
uncertainty  is  assigned  to  tlie  measurements  in  Fig.  3.  The  curve  is  a  fit  to  the  data 
points. 

The  scaling  of  scattered-ion  intensity  with  target  thickness  in  this  figure  is 
consistent  with  expectations.  For  thin  targets  with  little  energy  loss  in  the  target  or 
in  the  filter  on  the  detector,  the  PIN  signal  increases  linearly  with  target  thickness  up 
to  1.8  pm.  This  is  the  expected  behavior  according  to  Eq.  7.  For  thicker  targets, 
ions  scattered  deeper  in  the  target  emerge  with  reduced  energy  and  lose  a  significant 
fraction  of  their  energy  in  the  filter  on  the  PIN  diode.  The  PIN.  signal  ceases  to 
increase  when  all  tlie  ions  are  completely  stopped  by  the  filter  corresponding  to 
/=  1  in  Eq.  7.  This  saturation  of  the  scattered  ion  intensity  for  thicker  targets  is 
observed  in  Fig.  3.  The  level  of  this  saturation  depends  on  the  ion  energy  spectrum. 
Saturation  will  occur  at  smaller  target  thickness  as  the  energy  spectrum  is  softened. 
Thin  targets  should  be  used  to  minimize  the  sensitivity  of  the  scattered-proton 
intensity  to  the  ion  energy  spectrum.  In  the  remainder  of  this  Technote,  0.8-pm 
thick  aluminum  targets  are  used  because  this  thin  foil  is  readily  available  in  our 
laboratory  and  is  easily  mounted  on  the  target  holders  used  in  this  experiment.  Even 
thinner  targets  of  higher  atomic  number  materials  could  be  used  to  reduce  the 
spectral  sensitivity  and  increase  the  scattered  intensity,  but  these  foils  would  be 
more  fragile  and  are  more  expensive. 

B.  Comparison  of  Scattered-Ion  and  Calorimeter  Fluences 

Time-integrated  scattered-ion  intensities  are  combined  with  the  1.27-cm^  area 
aperture  in  front  of  each  scattering  foil  to  determine  the  ion  beam  fluence  according 
to  Eq.  9.  The  ion  energy  spectrum  determined  from  the  measured  diode  voltage  and 
ion  cuirent  at  the  Kimfol  are  used  to  evaluate  the  quantities / and  E  in  Eq.  9.  The 
diode  voltage  is  corrected  for  proton  energy  loss  in  the  1.8-pm  thick  Kimfol,  in  the 
aluminum  target,  and  in  1-Torr  air  between  the  Kimfol  and  the  PIN  diode.  Then, 
this  energy  spectrum  is  used  to  determine  the  fraction  of  energy  lost  by  protons  in 
the  0.8-pm  aluminum  filter  and  the  0.75-pm  siHcon  dead-layer  on  the  front  of  the 
PIN.  diode.  The  fraction/is  given  by  the  ratio  of  the  total  energies  in  these  two 
spectra.  The  power-weighted  mean  energy  of  the  spectrum  after  transmission 
through  the  filters  is  used  for  the  energy  E  in  Eq.  9.  The  power-weighted  mean  is 
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used  because  the  PIN  detector  output  is  proportional  to  tlie  product  of  tlie  number  of 
scattered  ions  Ns  and  their  energy  Eg  as  indicated  in  Eq.  7. 

The  fluence  determined  in  this  way  is  compared  with  the  fluence  from  nearby 
calorimeters  in  Fig.  4.  Fluence  variations  in  this  figure  are  a  combination  of  shot-to- 
shot  variations  and  positioning  the  detectors  at  different  radial  locations.  An 
uncertainty  of  ±  5%  is  assigned  to  the  calorimeter  fluence  based  on  variations 
observed  on  a  few  shots  between  two  calorimeters  at  the  same  radius.  An 
uncertainty  of  ±  10%  is  assigned  to  the  scattered-ion  fluence  primarily  due  to  using 
a  spectrally  averaged  energy  in  Eq.  9.  A  more  accurate  analysis  using  time-resolved 
current  and  voltage  waveforms,  as  indicated  by  Eq.  5,  is  not  merited.  The  reason 
will  become  clear  in  Sect.  III.C.  The  scattered-ion  fluence  in  Fig.  4  scales  linearly 
with  the  calorimeter  fluence  as  indicated  by  the  solid-line  fit  to  the  data.  However, 
the  scattered-ion  fluence  is  1 1%  larger  than  the  calorimeter  fluence.  The  dashed 
line  is  the  expected  result  for  identical  fluences.  This  discrepancy  is  probably 
associated  with  using  an  incorrect  energy  spectrum.  For  the  shots  in  Fig.  3,  tlie 
power-weighted  mean  energies  range  from  0.95  to  1.16  MeV,  and  the  fraction / 
ranges  from  0.22  to  0.27  for  the  0.8-pm  aluminum  filter  except,  for  the 
lowest-fluence  data  point  where /  =  0.5.  For  this  point,  the  output  switch  on 
Gamble  11  was  tracked,  and  the  mean  energy  is  only  0.56  MeV. 

A  few  measurements  with  thicker  filters  are  also  presented  in  Fig.  4.  For  a  1 .8- 
pm  aluminum  filter,  scattered-ion  fluences  determined  from  Eq.  9  are  also  consistent 
with  the  calorimeter  fluences.  For  this  filter,  /  =  0.3  and  the  mean  proton  energy  is 
reduced  by  only  s  10%.  For  the  0.8-  and  1.8-pm  aluminum  filters,  the  mean  proton 
energy  is  reduced  relatively  little  by  the  filter.  For  a  2.5-pm  titanium  filter,  the 
scattered-ion  fluences  in  Fig.  3  are  only  two-thirds  to  one-half  of  the  calorimeter 
fluences.  For  this  filter,  /=  0.4  and  the  mean  proton  energy  after  transmission 
through  this  filter  is  reduced  by  25%.  For  a  modestly  softer  energy  spectrum,  this 
fraction  will  increase  dramatically  and  may  account  for  the  discrepancy  between  the 
fluences  in  Fig.  3  with  this  filter.  Measurements  in  the  next  section  indicate  that  the 
spectrum  is  softer  than  expected  from  the  ion-diode  voltage  and  current. 

Scattered-proton  measurements  at  23  cm  from  the  anode  can  be  used  to  measure 
large  fluences  close  to  the  diode  where  calorimeter  measurements  are  complicated 
by  material  ablation  and  rapid  variation  of  the  radial  distribution  of  the  ion  beam. 
Calibration  of  the  scatteredrion  intensity  in  terms  of  the  calorimeter  fluence  at 
173  cm  from  the  diode  is  used  to  determine  the  fluence  at  23  cm  from  the  diode. 

The  same  thickness  aluminum  target  and  PIN  diode  filter  are  used  at  both  distances. 


8 


CorreGtions  are  made  for  different-area  targets  and  different  detector  solid  angles. 
Witli  the  target  23  cm  from  the  anode,  the  area  of  the  target  viewed  by  the  detector 
is  restricted  to  a  diameter  of  4.8  cm  by  the  extension  tube  in  which  the  PIN  diode  is 
mounted; [see  Fig.  1(b)]  Then,  the  average  on-axis  fluence  over  a  4.8-Gm  diam  area 
measured  for  three  shots  is  48  ±  2  cal/cm^.  For  comparison,  measurements  at  35  cm 
from  the  anode  with  a  calorimeter  mounted  on  a  salt  shaker  to  attenuate  the  beam 
intensity  give  an  average  on-axis  fluence  for  three  shots  of  47  ±  4  cal/cm  over  a 
1 .8-cm  diam  area.^  These  results  are  consistent  with  each  other  if  account  is  taken 
of  the  different  areas  and  axial  positions  of  the  measurements.  Near  the  diode,  the 
radial  distribution  of  the  beam  is  strongly  peaked  on  axis  with  a  radial  width  which 
decreases  as  the  distance  from  the  anode  is  reduced.^  Consequently,  the  fluence 
over  a  small  area  at  35  cm  from  the  diode  can  be  comparable  to  the  fluence  over  a 
larger  area  at  23  cm  from  tlie  diode. 

C.  Spectral  Comparisons 

Proton  energy  spectra  determined  from  Gamble  11  diode  voltage  and  current 
measurements  are  compared  with  spectral  measurements  of  scattered  ions.  Ion 
energies  transmitted  through  aluminum  filters  of  0.8-,  1.8-,  4.0-  and  T.O-pm 
thickness  are  measured  on  a  single  shot  with  an  array  of  four  PIN  diodes.  The 
0.8-pm  aluminum  targets  are  located  173  cm  for  the  anode.  Measured 
transmissions  are  compared  with  calculated  energies  using  proton  energy  spectra 
given  by  the  measured  ion-diode  voltage  and  current.  These  energy  spectra  are 
Gorrected  for  proton  energy  losses  in  four  different  materials;  (1)  the  1 .8-pm  thick 
Kimfol,  (2)  the  0.8-pm  thick  aluminum  target,  (3)  the  1-Torr  air  between  the  Kimfol 
and  the  PEN  diode,  and  (4)  the  0.75-pm  silicon  dead-layer  and  different  thickness 
aluminum  filters  on  the  PIN  diodes.  The  integral  of  each  energy  spectrum  should  be 
proportional  to  the  energy  absorbed  by  each  PIN  diode.  This  absorbed  energy  in  kJ 
is  not  corrected  for  the  beam  fraction  on  target  or  for  the  fraction  scattered  into  the 
detector. 

Time-integrated  PIN  diode  signals,  normalized  to  the  calculated  energy 
absorbed  in  each  detector,  are  presented  in  Fig.  5  as  a  function  of  aluminum  filter 
thickness.  Results  for  four  shots  are  displayed  along  with  linear  fits  to  the  data.  For 
Shots  5945  and  5946,  each  detector  views  a  different  aluminum  target.  For  Shot 
5945,  the  measurement  with  a  4-pm  aluminum  filter  is  a  lower  limit  because  the 
recording  instrument  saturated;  For  Shots  5949  and  5951,  all  four  detectors  view 
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the  same  target.  In  addition,  for  Shot  5951,  an  additional  0.8-|im  aluminum  target  is 
located  23  cm  from  the  anode,  and  protons  are  transmitted  through  this  foil  to  the 
target  at  173  cm.  Energy  loss  in  this  target  is  also  included  in  calculating  the 
absorbed  energies  for  this  shot.  For  all  four  shots,  the  normalized  PIN  intensities 
decrease  with  increasing  filter  thickness  more  rapidly  than  expected  from  the  ion- 
diode  voltage  and  current.  If  the  proton  energy  spectrum  were  given  by  the  lon- 
diode  voltage  and  current,  these  normalized  intensities  should  remain  constant  as  the 
filter  thickness  is  increased.  The  decrease  with  increasing  filter  thickness  indicates 
that  the  energy  spectrum  is  softer  than  expected.  For  Shot  5951,  the  measurements 
are  nearly  constant  within  a  ±  20%  variation.  The  presence  of  the  target  at  23  cm 
may  account  for  the  nearly  constant  ratio  on  this  shot,  but  no  physical  reason  for  this 
behavior  is  known  at  this  time. 

IV.  Time-Resolved  Measurements 

A.  Measurements  at  173  cm  from  the  Anode 

ScatteredHon  signals  with  the  target  located  173  cm  from  anode  consistently 
start  later  in  time  and  are  of  shorter  duration  than  expected  from  measured  diode 
voltages  and  currents.  This  situation  is  illustrated  in  Fig.  6  where  the  scattered-ion 
signal  is  compared  witli  the  ion  power  transported  to  the  detector  using  the  ion 
voltage  Vi  and  ion  current  li  measured  at  the  diode.  This  voltage  has  been  corrected 
for  proton  energy  loss  in  the  l.S-pm  Kimfol  and  in  the  0.8-pm  aluminum  target  at 
23  cm  from  the  anode.  The  transported  power  is  the  product  Vi  x  li  time-of-flight 
shifted  to  the  detector  location  with  the  velocity  at  each  instant  in  time  determined 
from  the  proton  energy.  The  scattered-ion  signal  is  compared  with  transported 
power  because  the  PIN  diode  signal  is  proportional  to  the  product  of  the  number  and 
energy  of  the  scattered  ions.  The  transported  power  does  not  include  the  energy 
dependence  of  the  Rutherford  cross  section,  as  given  in  Eq.  7,  which  tends  to 
increase  the  relative  contribution  of  lower  energy  ions  late  in  time,  and  does  not 
correct  for  energy  losses  in  the  filter  on  the  detector  which  tends  to  decrease  their 
contribution.  However,  this  calculation  can  be  independently  checked  at  discrete 
times  as  shown  in  Fig  6.  The  time  of  arrival  of  transported  power  is  indicated  m 
Fig.  6  for  voltages  at  two  different  instants  corresponding  to  1 .2  and  1 A  MV  on  the 
rising  portion  of  the  voltage  pulse.  The  transported  power  at  these  instants  precedes 
the  measured  scattereddon  signal  by  about  30  ns.  Also,  the  duration  of  the 
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transported  power  is  substantially  longer  than  the  duration  of  the  measured  signal. 
The  transported  power  does  not  include  time-of-flight  corrections  for  energy  losses 
in  1-Torr  air  or  in  the  aluminum  target  at  173  cm.  These  corrections  are  negligible. 
For  example,  if  all  the  proton  energy  loss  in  1-Torr  air  occurs  at  the  beginning  of  the 
flight  path,  the  additional  time  delay  of  l-MeV  protons  is  only  2  ns.  After  scattering 
from  the  aluminum  target,  the  proton  flight  path  to  the  detector  is  only  8  cm 
compared  with  a  flight  path  of  1 72  cm  from  the  Kimfol  to  the  target.  Consequently, 
for  l-MeV  protons  the  energy  loss  due  to  scattering  adds  only  0.3  ns  to  the  flight 
time. 

Could  the  short  ion-pulse  duration  at  173  cm  simply  result  from  sweeping  the 
ion  beam  across  the  small  area  of  the  scattered-ion  detector  as  the  beam  undergoes 
focusing  and  defocusing  during  the  diode  discharge?  To  address  this  issue,  four 
identical  scattered-ion  detectors  were  located  173  cm  from  the  anode  at  radii  of  5.1, 
10.2, 15.2  and  20.3  cm  on  a  single  shot.  If  the  beam  is  sweeping,  variations  in  the 
start  time  and  duration  of  these  scattered-ion  signals  is  expected:  No  significant 
differences  in  pulse  duration  or  start  time  are  observed.  All  four  detectors  have 
similar  pulse  shapes  with  a  FWHM  of  15  ±  1  ns.  The  start  times  are  the  same 
within  ±  1  ns  for  the  detectors  at  5-,  10-,  and  15 -cm  radius,  while  the  detector  at 
20  cm  starts  only  5  ns  later.  No  evidence  for  radial  sweeping  of  the  beam  to 
account  for  the  short  pulse  duration  is  observed.  This  result  is  consistent  with  the 
beam  microdivergence  and  beam  expansion  after  focusing  expected  for  the 
"backless"  diode.^ 

The  radial  distribution  of  the  scattered  ion  intensity  can  be  compared  with  the 
fluence  determined  from  nearby  calorimeters.  Scattered-ion  intensities,  normalized 
to  calorimeter  fluence,  are  presented  in  Fig.  7  along  with  the  radial  distribution 
measured  with  the  calorimeters.  An  uncertainty  of  ±  5%  is  assigned  to  the 
calorimeter  fluences  and  ±  9%  to  the  mtegrated  PIN  diode  intensities.  The 
calorimeter  fluence  decreases  by  about  a  factor  of  two  as  the  radius  increases  from 
5  to  20  cm.  These  two  distributions  are  in  good  agreement  except  at  large  radius 
where  the  ratio  of  the  scatteredrion  signal  to  the  calorimeter  fluence  is  50%  larger. 
This  increase  in  scattered-ion  signal  at  20  cm  may  be  attributed  to  a  small  fiaction  of 
ions  scattering  from  the  edge  of  the  brass  target  holder.  For  these  measurements, 
the  targets  were  not  repositioned  to  correct  for  a  small  transverse  displacement  of 
the  beam  in  traveling  2.5  cm  from  the  aperture  to  the  target.  At  20-cm  radius,  this 
displacement  is  sufficient  to  move  a  very  small  portion  of  the  beam  onto  the  edge  of 
the  target  holder.  The  thick  brass  holder  can  produce  a  substantial  scatteredrion 
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signal.  For  the  detectors  at  smaller  radii,  this  displacement  is  less  and  no  beam  hits 
the  target  holder. 

B.  Measurements  at  23  cm  from  the  Anode 

In  an  effort  to  sample  a  larger  fraction  of  the  ion  beam  and  to  reduce 
uncertainties  due  to  ion  time-of-flight,  measurements  were  carried  out  with  the 
target  at  23  cm  from  the  anode.  This  is  as  close  as  the  target  could  be  located  to  the 
anode  with  the  PIN  diodes  mounted  on  extension  tubes  at  90°  to  the  incident  beam 
direction.  The  distance  of  the  PIN  diodes  from  the  target  was  increased  to  avoid 
saturating  the  detectors.  Results  of  measurements  at  three  different  distances  are 
presented  in  Fig.  8  along  with  a  measurement  with  the  target  at  173  cm  from  the 
anode.  As  the  ion  flight  path  is  decreased,  the  duration  of  the  scattered-ion  pulse 
increases  from  13  to  44  ns.  This  behavior  of  the  pulse  duration  with  distance  is 
suggestive  of  beam  bunching  due  to  an  ion  voltage  which  ramps  up  during  the  pulse. 

The  timing  of  the  scattered-ion  signals  is  still  not  consistent  with  the  ion  voltage 
and  current.  The  scattered-ion  signal  for  a  91.5-cm  total  ion  flight  path  is  compared 
with  the  transported  ion  power  in  Fig.  9.  The  measured  signal  starts  later  in  time 
and  is  shorter  in  duration  than  expected  from  the  measured  voltage  and  current.  The 
time  of  arrival  of  transported  power  is  indicated  at  two  instants  corresponding  to  1.2 
and  1 .4  MV  on  the  rise  of  the  voltage  pulse.  In  this  case,  the  transported  power 
precedes  the  scattered-ion  signal  by  about  20  ns.  This  time  difference  is  less  than 
tlie  30-ns  time  difference  obtained  with  a  181-cm  total  flight  path.  The  scaling  of 
this  time  difference  with  distance  is  consistent  with  ions  propagating  from  the  diode 
at  a  lower  velocity  than  expected  from  the  ion  voltage  so  that  the  time  difference 
simply  increases  as  the  distance  from  the  diode  increases. 

C.  Beam  Injection  through  Kimfol  into  Vacuum. 

It  is  clear  from  the  previous  results  that  the  proton  energy  spectrum  is  softer 
than  expected  from  the  diode  voltage.  The  reason  for  this  energy  reduction  is  not 
known.  Three  shots  were  taken  without  1-Torr  air  behind  the  Kimfol  to  examine  the 
dependence  of  the  ion  energy  on  the  ion-beam-neutralization  conditions.  Without  a 
background  gas,  the  ion  beam  can  still  be  charge  and  current  neutralized  by  drawing 
electrons  from  the  plasma  created  by  beam  ionization  of  the  Kimfol.  However, 
ionization  of  the  background  gas  by  the  front  of  the  ion  beam  to  provide  a  source  of 
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electrons  for  neutralization  is  not  possible  if  the  gas  is  removed.  The  vacuum 
behind  the  Kimfol  was  3.5  to  7.0  x  10"^  Torr.  Scattered-ion  measurements  were 
made  with  the  target  at  23  cm  from  the  anode  for  three  different  ion  flight  paths. 

The  results  of  spectral  measurements  with  vacuum  behind  the  Kimfol  are  similar 
to  the  results  with  1-Torr  air.  Measurements  of  spectral  hardness  determined  with 
different  thickness  aluminum  filters  on  the  PIN  diodes  are  presented  in  Fig.  10. 
Time-integrated  PIN  diode  signals,  normalized  to  the  calculated  energy  absorbed  in 
each  detector,  are  presented  as  a  function  of  aluminum  filter  thickness.  In  this 
figure,  the  vacuum  measurements  are  compared  with  similar  measurements  with 
1-Torr  air  behind  the  Kimfol.  Initially,  only  two  detectors  were  used,  one  m 
reflection  and  one  in  transmission,  with  ion  flight  paths  of  69  cm.  Later  four 
detectors  were  used  in  transmission  with  a  flight  path  of  45  cm.  The  vacuum 
measurement  for  the  7.0-pm  aluminum  filter  was  lost  because  the  leakage  current  on 
this  PIN  diode  was  too  large.  The  results  in  Fig.  10  are  similar  to  the  results  in  Fig. 

5 .  With  or  without  1  -Torr  air,  the  normalized  scattered-ion  intensities  tend  to 
decrease  as  the  filter  thickness  is  increased  indicating  fiiat  tlie  spectrum  is  softer 
than  expected. 

The  temporal  behavior  of  frie  scattered-ion  signals  witli  vacuum  behind  the 
Kimfol  is  also  similar  to  the  results  with  1-Torr  air  behind  the  Kimfol.  Scattered-ion 
signals  in  vacuum  are  presented  in  Fig.  1 1  for  three  different  flight  paths.  These 
measurements  are  similar  to  the  measurements  in  Fig.  8  for  1-Torr  air.  Again,  the 
duration  of  the  scattered-ion  pulse  decreases  as  the  flight  path  increases,  suggestive 
of  ion-beam  bunching.  These  scattered-ion  signals  are  also  delayed  relative  to  the 
transported  power  calculated  from  measured  ion-voltage  and  current  traces.  No 
significant  differences  in  the  scattered-ion  signals  are  observed  with  1-Torr  air  or 
with  vacuum  behind  the  Kimfol. 

With  vacuum  behind  the  Kimfol,  an  intense  burst  of  fast  electrons  is  recorded  by 
the  PIN  diodes  when  the  ion  beam  is  injected  through  the  Kimfol.  The  peak  near 
60  ns  in  Fig.  11  is  attributed  to  fast  electrons.  This  peak  is  not  observed  if  a 
permanent  magnet  is  located  between  the  target  and  the  diode  to  deflect  electrons 
away  from  the  detector.  For  example,  the  signals  in  Fig.  1 1  for  45-  and  69-cm  flight 
paths  were  obtained  on  the  same  shot  in  transmission  and  in  reflection  respectively, 
but  a  magnet  was  used  to  remove  fast  electrons  on  the  69-cm  detector.  The 
remaining  foot  on  this  signal  arises  from  diode  bremsstrahlung.  The  relative 
transmission  of  these  electrons  through  0.8-  and  4.0-pm  aluminum  filters  indicates 
that  these  electrons  have  energies  of  20  to  40  ke  V.  These  electrons  may  be 
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associated  with  the  injection  of  the  ion  beam  through  the  Kimfol  because  the  onset 
of  this  signal  is  about  20  ns  after  the  start  of  the  ion  current  as  measured  by  the  ion- 
current  monitor  at  the  Kimfol  and  lasts  for  no  more  than  20  ns.  These  electrons  are 
not  observed  with  1-Torr  air  behind  the  Kimfol. 

The  timing  of  this  burst  of  electrons  suggests  that  these  electrons  originate  at  the 
Kimfol  and  are  accelerated  toward  the  aluminum  target  by  space  charge  developed 
at  the  fi-ont  of  the  ion  beam  in  the  vacuum  between  the  Kimfol  and  the  target.  After 
correcting  for  the  10-ns  electron  flight  time  fi-om  the  Kimfol  to  the  detector  at  91 .5 
cm,  the  onset  of  the  electron  burst  at  the  Kimfol  occurs  only  10  ns  after  the  start  of 
the  ion  current.  Also,  the  duration  of  the  electron  burst  is  comparable  to  the  ion 
flight  time  fi-om  the  Kimfol  to  the  target  (16  ns  for  1-MeV  protons).  Once  electrical 
conductivity  between  the  Kimfol  and  the  target  is  estabhshed  through  the  charge  and 
current  neutralized  ion  beam,  this  space  charge  can  be  dissipated  and  the  fast 
electrons  disappear. 

V.  Summary  and  Discussion 

Time-integrated  measurements  of  scattered-ion  intensities  suggest  that  this 
diagnostic  can  be  used  as  a  reliable  proton-fluence  diagnostic  in  low-pressure 
background  gases  only  if  a  thin  filter  on  the  detector  and  a  thin  target  are  used.  In 
addition,  the  proton  energy  spectrum  must  be  sufficiently  well  known  to  estimate  the 
mean  proton  energy  and  to  correct  for  proton  energy  losses  in  the  filter  on  the 
detector  and  in  the  target.  Measurements  with  different  thickness  filters  indicate 
that  the  proton  energy  spectrum  from  the  "backless"  pinched-beam  diode  on 
Gamble  11  is  softer  than  expected  from  ion  voltage  and  current  measurements.  This 
is  a  real  problem!  Time-resolved  measurements  of  scattered  ions  are  also  not 
consistent  with  the  temporal  profile  expected  from  the  ion  voltage  and  current.  The 
scattered  ions  consistently  arrive  at  the  detector  later  than  expected  Also,  bunching 
of  the  beam  as  the  ions  travel  away  from  the  diode  is  inconsistent  with  the 
ion-voltage  waveform. 

Beam  bunching  is  observed  for  measurements  with  either  1-Torr  air  or  vacuum 
behind  the  Kimfol.  Values  of  the  fifll-width  at  half-maximum  (FWHM)  for  the 
scatteredtion  signals  in  Figs.  8  and  1 1  are  summarized  in  Fig.  12.  The  FWHM  are 
assigned  uncertainties  of  ±10%.  The  FWHM  decrease  from  about  50  ns  at  45  cm 
from  the  diode  to  less  than  15  ns  at  181  cm.  The  FWHM  near  the  diode  should  be 


14 


about  60  ns  based  on  the  ion  voltage  and  current  at  the  diode.  The  measurements  in 
Fig.  12  approach  this  value. 

A  variety  of  diagnostics  have  been  used  in  the  past  to  evaluate  ion  energies  from 
the  pinch  reflex  diode  (PRD)  on  Gamble  II  in  different  experiments.  Results  from 
four  different  diagnostics  are  summarized  in  Table  I.  Stacked-foil  activations  with 
the  '^C(p,y)^^N  reaction  have  been  used  in  beam  transport  experiments  with  a 
collimated  beam  and  in  thermostructural  response  (TSR)  testing  with  uncollimated 
beams.  At  the  low  ion  currents  used  for  TSR  testing  the  energy  spectrum  is 
consistent  with  diode  electrical  measurements.^  However,  for  the  higher  currents 
used  in  transport  experiments,  the  mean  energy  is  about  10%  less  than  expected, 
and  the  highest  portion  of  the  spectrum  is  downshifted  by  200  to  300  keV.^ 
Measurements  with  d(d,n)  neutron  time-of-fliglit  in  the  same  experiment  indicate  a 
400-keV  downshift  in  energy  by  the  time  the  beam  travels  2.4  meters.^  With  the 
target  located  at  the  Kimfol  position,  a  25%  reduction  in  ion  energy  has  also  been 
observed  using  d(d,n)  neutron  time-of-flight.'®  Prompt  y-rays  from  the  '^F(p,ay)*^0 
reaction  have  been  used  to  measure  proton  energies  m  z-discharge  transport 
experiments.  Two  Teflon  targets,  separated  by  one  meter  in  the  transport  channel, 
are  used.  Energy  losses  of  100  to  400  keV  are  deduced  from  experiments^^  with  the 
PRD,  while  no  losses  are  reported  in  similar  experiments  with  the  "backless"  or 
modified  PRD.  It  is  of  interest  to  note  that  energy  losses  are  observed  with  the 
modified  PRD  only  using  the  scattered-ion  diagnostic.  Perhaps  the  energy  losses 
are  less  severe  with  the  modified  PRD  and  are  only  apparent  with  the  time 
resolution  of  this  diagnostic. 

Where  do  these  energy  losses  occur?  Most  of  the  diagnostics  in  Table  I  are 
fielded  at  1  to  2  meters  from  the  diode  in  order  to  reduce  the  ion  beam  intensity  on 
target  or  to  provide  a  measurable  ion  flight  time.  In  this  case,  it  is  difficult  to  pin 
down  the  region  of  energy  loss.  Note,  however,  that  measurement  #4  in  Table  I 
indicates  energy  loss  in  the  diode.  The  scattered-ion  measurements  are  made  closer 
to  the  diode  than  most  of  the  other  measurements  in  Table  I,  and  they  are  time 
resolved.  Consequently,  these  measurements  can  be  used  to  evaluate  the  onset  of 
ion  emission  at  the  diode  and  possibly  to  localize  the  energy  loss. 

Two  different  analyses  of  the  scattered-ion  measurements  are  made  to  assess 
the  onset  of  ion  emission  from  the  diode.  First,  the  scaling  of  ion  flight  time  with 
distance  from  the  diode  is  extrapolated  to  small  distance.  In  Fig.  13,  measured  ion 
flight  times  are  presented  for  four  different  total  flight  paths  from  the  anode  to  the 
PIN  detector.  The  flight  time  is  measured  from  the  start  of  the  voltage  pulse  to  the 
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Table  I 


Summary  of  Ion  Energy  Measurements  for  Pinch-Reflex  Diodes  on  Gamble  II. 


# 

Diagnostic 

(anode-to-target 

distance) 

Diode 

Transport 

Geometry 

Ion  Current  at 

Peak  Power 

(kA) 

Comparison  with  Ion 
Voltage  and  Current 

1. 

Stacked-Foil 

Activation 

(2.2  m) 

PRD 

Collimated 

Beam 

400 

Highest  energy  ions  are  • 
downshifted  200  to  300  keV. 

2. 

Stacked-Foil 

Activation 
(2.2  m) 

Backless 

PRD 

No 

collimation 

60 

No  measurable  energy  loss 
(<10%). 

3. 

Neutron  Time- 

of-Flight 
(0.46,  2.4  m) 

PRD 

Collimated 

Beam 

400 

Highest  energy  ions  lose 

400  keV  in  2.4  meters. 

4. 

Neutron  Time- 

of-Flight 
(0.01  m) 

PRD 

CD2  Target 

at  Kimfol 

250 

25%  energy  loss 
for  highest  energy  ions. 

5. 

Prompt  y-Rays 
(0.3,  1.3  m) 

PRD 

Z-discharge 

Channel 

500 

Highest  energy  ions  lose 

100  to  400  keV. 

6. 

Prompt  y-Kays 
(1.5  m) 

Backless 

PRD 

Z-discharge 

Channel 

400 

Reasonable  agreement. 

7. 

Scattered 

Ions 

(0.23,  1.73  m) 

Backless 

PRD 

No 

Collimation 

400 

Spectrum  is  softer 
and  beam  bunches. 
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start  of  the  sGattered-ion  signal.  The  precision  of  tliese  measurements  is  ±  3  ns. 

The  scatter  of  the  measurements  for  each  flight  path  represents  shot-to-shot 
variations.  A  linear  fit  to  these  measurements  corresponds  to  an  average  proton 
energy  of  0.90  ±  0.08  MeV,  and  extrapolation  of  this  fit  to  zero  distance  indicates  a 
start  time  of  32  ±  5  ns.  This  start  time  is  consistent  \vith  the  timing  of  the  ion- 
current  relative  to  the  voltage  for  this  diode  (see  Figs.  2  and  6).  Second,  to  avoid 
uncertainties  due  to  shot-to-shot  variations,  simultaneous  scattered-ion 
measurements  with  targets  at  22  and  171  cm  from  the  Kimfol  are  extrapolated  to  the 
Kimfol  location  where  the  ion  current  is  measured.  These  measurements  are 
presented  in  Fig.  14  along  with  the  ion  voltage  and  current.  The  average  proton 
energy,  determined  fi’om  the  time  interval  between  the  onset  of  these  two  scattered- 
ion  signals,  is  0.92  MeV.  The  time  shift  of  these  signals  to  correct  for  ion  flight 
time  fi-om  the  Kimfol  to  the  PIN  diodes  is  indicated  in  Fig.  14.  This  shift  suggests 
that  these  ions  leave  the  diode  37  ns  after  the  start  of  the  voltage.  At  this  time,  the 
ion  current  has  increased  to  150  kA  and  the  ion  voltage  is  1.3  MV.  Apparently, 
these  ions  leave  the  diode  with  less  energy  than  expected  from  this  voltage.  Both 
analyses  are  consistent  with  ions  at  the  leading  edge  of  the  scattered-ion  signal 
originating  30  to  40  ns  after  the  start  of  the  voltage,  but  with  less  kinetic  energy  than 
expected  from  the  voltage  at  that  time. 

Several  possibilities  are  contemplated  to  explain  the  apparent  reduced  ion 
energies  in  these  experiments.  The  simplest  explanation  is  that  the  diode  voltage  is 
incorrect.  Periodic  calibrations  of  the  capacitive  voltage  monitor  on  Gamble  II 
indicate  that  this  monitor  is  reproducible  to  within  ±1%.'^  However,  substantial 
inductive  corrections  are  made  to  the  voltage  measured  with  this  monitor  in  order  to 
determine  the  voltage  across  the  anode-cathode  gap  where  the  ions  are  generated. 
This  magnitude  of  tliis  correction  is  up  to  a  factor-of-two  during  the  voltage  risetime 
and  decreases  to  30%  at  the  peak  of  the  Gorrected  voltage  .  This  inductively 
Gorrected  voltage  has  been  compared  with  a  direct  measurement  of  the  voltage 
across  the  anode-cathode  gap  obtained  with  an  inductive  voltmeter.  The  shapes  of 
these  two  voltages  are  similar,  however,  the  maximum  voltage  from  the  inductive 
voltmeter  is  20%  less  than  the  inductively  Gorrected  voltage  and  is  in  agreement 
with  the  results  of  neutron  time-of-flight  measurements  (#  4  in  Table  I).^®  No 
explanation  has  been  presented  to  account  for  this  difference  between  these  two 
voltages. 

It  has  been  suggested  that  ions  from  the  PRD  may  be  reduced  in  energy  due  to 
processes  in  the  anode  plasma  where  the  ions  are  bom.*^  Charge  exchange 
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collisions  in  the  anode  plasma  may  generate  a  distribution  of  ions  witli  lower 
energies.'"^  Also,  a  radial  resistive  voltage  drop  across  the  anode  may  produce 
lower  energy  ions.  Evidence  for  these  effects  was  not  observed  in  previous 
experiments.^^ 

Once  tlie  beam  leaves  the  diode  and  passes  through  the  Kimfol,  it  is  speculated 
that  a  portion  of  the  beam  may  be  slowed  by  electric  fields  induced  at  the  head  of 
the  beam.’  This  process  was  used  to  account  for  the  energy  loss  indicated  in  #3  of 
Table  1.  The  presence  of  strong  fields  at  the  head  of  the  beam  is  also  implied  by  the 
energetic  electron  observations  reported  in  Sect.  IV.C.  Modification  of  the  ion 
energy  by  fields  at  the  front  of  the  beam  is  expected  to  produce  a  ramped-up  voltage 
that  can  account  for  beam  bunching.  Calculations  with  a  ramped  voltage  profile  are 
presented  in  Fig.  15  to  demonstrate  how  such  a  voltage  pulse  may  account  for  the 
narrow  scattered-ion  signals  observed  in  these  experiments.  For  this  calculation,  the 
voltage  from  Shot  5951  (Fig.  6)  was  modified  by  replacing  the  voltage  rise  with  a 
linear  ramp.  This  modification  was  easily  implemented  with  the  software  used  to 
analyze  data  from  Gamble  II.  The  ion  voltage  Vramp  and  ion  current  li  in  Fig.  15  are 
used  to  calculate  the  transported  ion  powers  in  this  figure  for  comparison  with 
experiment.  The  transported  ion  powers  have  been  normalized  to  the  peaks  of  the 
measured  signals  for  this  comparison.  Start  tunes  for  the  measured  signals  and  the 
transported  powers  are  in  agreement  for  targets  at  23  and  173  cm  from  the  anode. 
Also,  the  widths  of  the  transported  powers  are  much  closer  to  the  measurements 
than  the  widths  of  transported  powers  calculated  using  measured  ion  voltages  (see 
Figs.  6  and  9).  Clearly,  bunching  of  the  ion  beam,  similar  to  the  observed  bunching, 

can  be  produced  with  a  ramped  ion  voltage. 

No  explanation  has  been  identified  to  account  for  such  a  voltage  in  these 
experiments.  The  voltage  Yrnmp  in  Fig.  15  is  just  an  artificial  modification  to 
indicate  what  kind  of  change  in  voltage  is  required  to  account  for  the  observed  beam 
bunching.  However,  it  may  be  possible  to  determine  the  time-resolved  ion  energy 
pulse  at  the  diode  with  time-resolved  magnetic-spectrometer  measurements.’^  The 
magnetic  spectrometer  can  be  used  to  select  specific  scattered-ion  energies  and  to 
measure  time-resolved  ion  intensities  at  those  energies.  These  measurements  should 
be  made  as  close  to  the  diode  as  feasible  in  order  to  minimize  uncertainties  arising 
from  unknown  energy  losses  during  flight  from  the  diode  to  the  spectrometer.  If 
these  signals  can  be  accurately  time  shifted  to  the  diode,  then  the  ion  energy  can  be 
determined  as  a  function  of  time  during  the  period  that  ions  are  emitted  from  the 
diode. 
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Vacuum 


Fig.  1  Experimental  arrangement  for  scattered-ion  measurements  with  the  target 
located  (a)  at  173  cm  from  the  anode  and  (b)  at  23  cm  from  the  anode. 
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Fig.  2.  Scattered-ion  signals  for  the  large-area  PIN  diode  (solid  line)  and  for  the 
small-area  PIN  diode  (dashed  line)  for  (a)  Shot  5938  and  (b)  Shot  5940.  The  diode 
voltage  Vd  and  ion  current  Ij  for  each  shot  are  also  shown.  In  (a),  the  targets  are  thick 
tantalum  (large-area  diode)  and  thick  gold  (small-area  diode).  In  (b),  the  targets  are 
0.8-}im  aluminum  (large-area  diode)  and  thick  aluminum  (small-area  diode). 
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Fig.  3.  Measurements  of  the  time-integrated  scattered-ion  intensity  as  a  function  of 
aluminum  target  thickness. 
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Fig.  4.  Comparisons  of  the  scattered-ion  fluence  with  the  fluence  determined  from 
calorimeters.  The  solid  line  is  a  linear  fit  to  the  data  for  a  0.8-}im  aluminum  filter  on 
the  PIN  diode.  The  dashed  line  is  for  identical  scattered-ion  and  calorimeter  fluences. 


23 


PIN  Int.  (V-ns)/Absorbed  Energy  (kJ) 


0  2  4  6  8 


O  Shot  5945 

A  Shot  5946 

□  Shot  5949 

V  Shot  5951 


Al  Filter  Thickness  (|jm) 


Fig.  5.  Scattered-ion  intensities  as  a  fiinction  of  filter  thickness  on  each  PIN  diode. 
The  intensities  are  normalized  to  calculated  energies  absorbed  by  each  PIN  diode 
based  on  ion-voltage  and  current  measurements. 
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Fig.  6.  Gomparison  of  the  measured  scattered-ion  signal  for  the  target  at  173  cm 
from  the  anode  with  the  transported  ion  power  calculated  using  the  ion  voltage  Vj 
and  the  ion  current  Ij  for  Shot  5951.  Time-of-£light  shifting  of  the  points  at  1 .2  and 
1.4  MeV  on  Vj  gives  the  corresponding  points  indicated  on  transported  ion  power. 
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Fig.  7.  Radial  distribution  of  the  scattered-ion  intensity  at  173  cm  from  the  anode 
(circles),  normalized  to  the  calorimeter  fluence.  The  measurements  at  5, 10,  and  15 
cm  are  constant  as  indicated  by  the  horizontal  line.  The  radial  distribution  of  the 
calorimeter  fluence  is  also  shown  (triangles).  The  curve  is  a  fit  to  the  data. 
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Fig,  8.  Scattered-ion  signals  measured  for  different  ion  flight  paths.  The  target  is 
23  cm  from  the  anode  for  the  45-,  69-  or  91.5-cm  flight  paths  and  173  cm  from  the 
anode  for  the  181 -cm  flight  path. 
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Fig.  9.  eomparison  of  the  scattered-ion  signal  measured  for  the  target  at  23-cm 
from  the  anode  with  the  transported  ion  power  calculated  using  the  ion  voltage  Vj 
and  the  ion  current  li  for  Shot  5948.  Time-of-flight  shifting  of  the  points  at  1 .2  and 
1 .4  MV  on  Vi  gives  the  corresponding  points  indicated  on  transported  ion  power. 
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Fig.  10.  Scattered-ion  intensities  as  a  function  of  aluminum  filter  thickness  on  each 
PIN  diode  for  shots  with  vacuum  behind  the  Kimfol  and  for  shots  with  1-Torr  air 
behind  the  Kimfol.  The  intensities  are  normalized  to  calculated  energies  absorbed 
by  each  PIN  diode  based  on  ion-voltage  and  current  measurements.  Results  are 
presented  for  ion  flight  paths  of  45  and  69  cm  from  the  anode  to  the  PIN  diode. 
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Fig.  11.  Scattered-ion  signals  measured  for  ion  flight  paths  of  45, 69  and  91.5  cm 
with  vacuum  behind  the  ICimfol.  The  target  is  23  cm  from  the  anode. 


£ 


100 


Flight  Path  from  Anode  to  Detector  (cm) 


Fig.  12.  Measured  values  of  the  full-width  at  half-maximum  (FWHM)  of  scattered- 
ion  signals  for  different  flight  paths  from  the  anode  to  the  PIN  diode.  The  curve  is  a 
quadratic  fit  to  the  measurements. 
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Fig.  13.  Ion  flight  times  from  scattered-ion  measurements  as  a  function  of  the  total 
flight  path  from  the  anode  to  the  PIN  diode.  The  target  is  23  cm  from  the  anode  for 
flight  paths  less  than  IGO  cm  and  173  cm  from  the  anode  for  the  longer  flight  path. 
The  line  is  a  linear  fit  to  the  data. 
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Fig.  14.  Scattered-ion  signals  for  Shot  5951  with  O.S-fim  aluminum  targets  located 
at  23  and  173  cm  from  the  anode.  The  ion  voltage  Vj  and  ion  current  li  at  the  exit  of 
the  Kimfol  are  also  shown.  The  flight  times  for  ions  at  the  onset  of  the  scattered-ion 
signals  correspond  to  a  start  time  of  37  ns  at  the  Kimfol. 
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Fig.  15.  eomparison  of  scattered-ion  signals  for  Shot  5951  with  transported  ion 
powers  calculated  using  the  voltage  Vramp  and  the  ion  current  li .  The  solid  curves 
are  scattered-ion  signals  and  the  dashed  curves  are  transported  ion  powers. 
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Title:  INCORPORATION  OF  TRIM  ION  ENERGY  LOSS  CALCULATIONS 

INTO  ANALYSIS  ROUTINES 

Author:  D.  Hinshelwood 

Date:  August  26,  1994 

Abstract:  The  ion  energy  loss  routine  used  in  our  ANALYSIS  program  has  been  updated 
by  incorporating  the  stopping  calculations  of  Ziegler  and  coworkers.  The 
stopping  routine  used  in  their  TRIM  program  has  been  adapted,  in  VMS 
FORTRAN,  to  our  program.  This  routine  calculates  the  stopping  of  any  ion  in 
any  elemental  target.  This  routine  has  also  been  written  as  a  stand-alone 
program  DTEST,  in  VMS  FORTRAN,  which  can  be  incorporated  into  other 
users'  programs. 


INTRODUCTION 


The  ion  energy  loss  routine  used  in  our  ANALYSIS  program  has  been  updated  by 
incorporating  the  stopping  calculations  of  Ziegler  and  coworkers.  The  stopping  routine 
used  in  their  TRIM  program  has  been  adapted,  in  VMS  FORTRAN,  to  our  program.  This 
routine  calculates  the  stopping  of  any  ion  in  any  elemental  target.  This  routine  has  also 
been  written  as  a  stand-alone  program  DTEST,  in  VMS  FORTRAN,  which  can  be 
incorporated  into  other  users'  programs.  DTEST  is  available  on  3.5  in  floppy  disk  to 
anyone  who  is  interested.  This  note  summarizes  briefly  the  work  of  Ziegler  and  then 
describes  the  routine  and  our  adaption. 

REFERENCES 

The  present  work  is  derived  from  three  references; 

(1)  J.  F.  Ziegler,  J.  P.  Biersack,  and  U.  Littmark,  "The  Stopping  and  Range  of  Ions  in 
Solids,"  Pergamon  Press,  1985  (Vol  1  of  "The  Stopping  and  Ranges  of  Ions  in  Matter"). 

This  is  the  final  volume  in  the  series  which  includes  the  well-known  volumes  on  proton 
and  helium  stopping  by  Anderson  and  Ziegler  (The  "volume  1"  is  misleading).  The 
calculations  presented  in  this  book  are  considered  to  be  more  accurate  than  those  in  the 
prior  volumes.  This  book  presents  a  detailed,  tutorial  discussion  of  ion  stopping,  including 
range  calculations.  The  results  are  said  to  be  accurate  to  within  ten  percent  or  better.  The 
stopping  of  protons  is  modeled  by  an  eight  parameter  fit  for  each  elemental  target.  These 
fits  supersede  the  fits  given  in  Anderson  and  Ziegler.  Stopping  of  heavy  ions  is  calculated 
by  assuming  that  the  stopping  of  a  heavy  ion  is  the  same  as  that  of  a  proton  at  the  same 
velocity,  times  the  ion  charge  squared.  Calculation  of  the  (partially  stripped)  heavy  ion 
charge  makes  up  the  bulk  of  the  routine.  The  book  then  discusses  range  calculations, 
including  all  of  the  relevant  physics.  These  calculations  are  used  in  the  program  TRIM, 
which  performs  a  Monte  Carlo  calculation  of  range  distributions.  John  Maenchen  has  told 
me  that  this  book  is  out  of  print,  so  I  have  photocopied  it  and  will  make  a  copy  for  any 
interested  party. 

(2)  J.  F.  Ziegler  and  J.  M.  Manoyan,  "The  Stopping  of  Ions  in  Compounds,"  NIM  B35, 

215  (1988). 

This  paper  discusses  deviations  from  the  Bragg  rule  in  the  stopping  of  compounds.  Such 
de\dations  are  observed  for  hydrocarbon  compounds,  including  the  plastics  we  use.  They 
arise  because  of  differences  in  atomic  structure  between  compounds  and  their  individual 
constituents.  These  deviations  are  on  the  order  of  5-10  percent,  peaking  at  ion  energies 
around  25  keV/amu,  and  dropping  off  at  higher  energies.  Deviations  for  compounds 
containing  heavy  ions,  such  as  metallic  oxides,  are  said  to  be  negligible. 


(3)  TRIM  9107 


This  program  was  given  to  me  on  a  floppy  disk  by  Chris  Meli  in  code  6670,  and  is 
installed  on  the  PC  in  my  office.  The  files  include  the  full  TREvf  program,  stopping  and 
range  routines,  and  some,  but  not  all,  of  the  source  code  in  BASIC.  The  full  TRIM 
program  is  more  relevant  to  ion  implantation,  and  caculates  many  phenomena  of  no 
interest  to  us.  However,  the  stopping  and  range  routines  are  very  useful.  I  have  included 
a  sample  of  the  output  from  the  routine  SR,  which  is  apparently  based  on  RSTOP  in  Ref 
1.  The  program  also  calculates  stopping  for  a  large  library  of  compounds,  incorporating, 
where  necessary,  deviations  from  the  Bragg  rule. 

STOPPING  ROUTINE 

Total  (electronic  plus  nuclear)  stopping  is  calculated  in  ANALYSIS  by  the  subroutine 
DEDXC(DEDX,RZ,ZT,I).  Many  of  our  ANALYSIS  routines  involve  transport  of  the  ion 
beam  through  several  foils  and  gas  regions.  To  calculate  the  energy  loss  for  each 
increment  of  material,  at  each  timestep  of  the  ion  current  an  voltage,  would  be  too  time- 
consuming.  Instead,  an  array  DEDX(12,410)  is  calculated  once  at  the  start  of  the 
particular  ANALYSIS  routine.  The  (up  to)  12  columns  in  DEDX  correspond  to  each  ion- 
target  combination  needed  for  that  particular  routine  (we  may  have  to  allow  more 
combinations  when  we  start  modeling  deposition  in  multilayer  targets).  Rows  1-400  in 
DEDX  contain  the  value  of  dE/dx,  in  kV/micron  for  solids  and  kV/Torr-meter  for  gases, 
at  voltages  from  25  kV-10  MV,  in  25  kV  increments.  By  dealing  with  voltage  rather  than 
energy,  the  energy  range  is  extended  for  multiply  charged  ions.  The  argument  RZ  is  the 
incident  ion  atomic  number  Z1  and  charge  Q,  entered  as  the  real  number  Zl.Q.  The  ion  is 
assumed  to  be  the  most  common  isotope,  except  for  deuterons  which  are  imported  as 
Z1=0.  The  target  is  identified  by  ZT.  Values  from  1-92  refer  to  pure  elements  and  92- 
120  refer  to  compounds.  So  far,  we  have  several  plastics,  air,  and  two  solids  used  in 
PEBE  work.  Others  will  be  added  as  needed.  It  is  trivial  to  add  compounds  since  stopping 
is  calculated  using  the  Bragg  rule  (with  a  correction  for  plastics).  Various  element  and 
compound  parameters  needed  for  this  and  other  calculations  (e.g.,  Rutherford  scattering) 
are  contained  in  the  include  file  DMCOEF.FOR.  The  slight  correction  necessary  for 
plastics  is  also  included  in  DEDXC.  I  use  a  different  functional  fit  because  the  one  in  Ref 
3  makes  no  sense  to  me,  but  the  peak  values  are  taken  from  the  TRIM  program.  For  each 
element  in  the  target,  DEDX  calls  the  function  DSTOP. 

The  function  DSTOP(ENERGY,Zl,ZT)  calculates  the  stopping  of  an  ion  with  atomic 
number  Z1  and  ENERGY  in  kV  in  an  elemental  target  of  atomic  number  ZT.  This 
fimction  includes  both  electronic  and  nuclear  stopping.  The  latter  is  insignificant  for 
protons  at  energies  of  interest  but  not  necessarily  so  for  heavier  ions.  This  function  is 
essentially  copied  from  the  code  in  Ref.  1,  with  minor  changes  in  variables  and  data 
storage.  Here,  two  INCLUDE  files  store  the  necessary  coefficients  for  protonic  stopping 
(DPCOEF.FOR)  and  for  heavy  ion  stopping  (DECOEF.FOR).  The  code  differs  slightly 
from  the  procedure  discussed  in  Ref  3  in  the  addition  of  the  inner  shell  correction  to  the 
screening  factor  calculation. 


I  am  sure  that  the  calculation  of  heavy  ion  effective  charge  could  be  made  simpler  with 
minimal  error,  but  as  the  program  length  is  dominated  by  the  proton  coefficients,  there  is 
no  reason  to  do  so. 

Finally,  the  program  DTEST  contains  a  shell  that  uses  DEDXC  to  calculate  the  range  by 
integrating  the  inverse  of  dE/dx.  This  shell  was  used  to  check  my  coding  by  comparing 
the  outputs  with  TRIM  results.  For  a  variety  of  ion/target  combinations  and  energies,  the 
two  yield  dE/dx  values  that  are  in  agreement. 

LIMITATIONS 

Simply  integrating  1 /dE/dx  to  get  the  range,  as  is  essentially  done  in  our  ANALYSIS 
routines,  leaves  out  two  effects  that  TRIM  includes.  These  are:  (1)  range  shortening, 
which  occurs  because  nuclear  stopping  at  the  end  of  the  ion  range  causes  deviations  of  the 
ion  trajectories  from  a  straight  line,  thus  reducing  the  projected  range;  and  (2)  range 
straggling,  resulting  from  a  statistical  variation  in  collisions.  lohn  Maenchen  and  I  thought 
about  trying  to  model  these  (one  such  unsuccessful  attempt  is  commented  out  at  the  end 
of  DSTOP)  before  concluding,  along  with  Frank  Young,  that  this  was  unnecessary.  The 
reason  for  this  is  shown  schematically  in  Figure  1.  Both  straggling  and  shortening 
introduce  some  uncertainty  in  the  depth-dose  profile  of  each  ion  at  the  very  end  of  its 
range.  However,  for  all  but  the  highest-energy  ions,  this  contribution  to  the  total  profile  is 
negligible  compared  to  that  provided  by  higher-energy  ions.  The  tail  of  the  highest  energy 
ions,  in  turn,  makes  up  a  negligible  fraction  of  the  total  energy. 

Actually,  the  ranges  calculated  by  DTEST  agree  quite  well  with  those  calculated  by 
TRIM,  for  proton  energies  above  100  kV  and  heavy  particle  energies  above  about  10-50 
kV/amu.  Even  at  lower  energies,  where  the  percentage  error  in  the  range  calculation  is 
large,  the  absolute  error  is  less  than  0. 1  microns.  Detailed  calculations  of  straggling  and 
shortening  would  only  be  warranted,  if  at  all,  for  modeling  deposition  by  very  low  E/A 
beams,  e.g.,  100-kV  C  or  10-kV  proton  beams. 


Non-local  effects,  such  as  secondary  electron  emission  or  ion  recoils,  are  another 
conceivable  concern,  but  these  are  also  unimportant  for  our  applications.  Since  ion  recoils 
occur  only  toward  the  end  of  the  range,  the  argument  in  the  previous  paragraph  is 
applicable.  Secondary  electrons  are  produced  with  energies  too  low  to  travel  a  significant 
distance  within  the  target.  Simple  kinematics  dictates  that  target  electrons  have  at  most 
4m/M  times  the  ion  energy.  Thus,  1-MV  protons  will  produce  at  most  2.2-kV  secondary 
electrons,  which  have  a  range  of  about  0.02  microns  in  aluminum  (Marion  and  Young, 
plO).  Even  5-MV  protons  will  produce  at  most  only  1 1-keV  secondaries,  having  a  range 
of  about  0.75  microns,  which  is  insignificant  compared  with  the  proton  range  of  almost 
200  microns. 

Note  also  that  any  errors  introduced  by  the  above  approximations  are  also  negligible 
compared  with  the  fundamental  (~5  percent)  uncertainties  in  the  beam  voltage,  possible 
voltage  spread,  trajectory  angle,  foil  thicknesses,  etc. 


USE  OF  ANALYSIS  ROUTINES 


Our  routines  for  energy  loss,  deposition  profiles,  and  Rutherford  scattering  have  been 
modified  to  use  the  updated  stopping  calculations  and  to  accept  arbitrary  incident  ions. 
Use  should  be  self-explanatory;  just  remember  that  multiply  charged  ions  are  entered  as 
Z.Q  (ions  entered  as  Z  are  given  a  default  charge  of  1)  and  deuterons  are  entered  as  0.  I 
will  modify  the  deposition  profile  routine  to  accept  multilayer  targets  in  the  near  future. 

The  effect  of  these  changes  on  proton  stopping  calculations  is  small.  For  example,  Figure 
2  shows  the  stopping  of  7  layers  of  1.8-micron  Kimfol,  as  calculated  by  the  new  and  old 
programs.  The  slight  difference  is  mainly  a  result  of  the  inclusion  of  deviations  from  the 
Bragg  rule. 


=r=>  Version  -  91.08  <== 
Ion  =  H  (  Mass  =  1  ) 

Target  =  Ti(  100  %  ) 

Density  =  4.5190E+00  g/cm3 
Disk  File  Name  =  HTi 
Stopping  Units  =  keV  /  micron 
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for  Stopping  Units 


eV  /  Angstrom 
keV  /  micron 
MeV  /  mm 
keV  /  ( ug / cm2 ) 

MeV  /  (mg/ cm2 ) 
keV  /  (mg/ cm2) 
eV  /  (1E15  atoms/ cm2) 

L.S.S.  reduced  units 


THIS  IS  JUST  A  SHELL  TO  TEST  THE  STOPPING  CALCULATIONS 
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Abstract:  Proton  and  deuteron  induced  nuclear  reactions  which 

produce  radioactivities  are  surveyed.  Reactions  with  up  to 
10-MeV  protons  or  deuterons  on  carbon,  aluminum,  titanium-alloy, 
steel,  and  brass  targets  are  identified.  For  each  target 
material,  the  nuclear  reaction,  associated  radioactivity, 
half life  and  decay  products  are  tabulated.  Measured  cross 
sections  from  the  published  literature  are  used  to  identify 
reaction  yields.  For  protons,  thick-target  yields  are  evaluated 
for-(p,n)  reactions  on  these  targets-  For  deuterons,  thick- 
target'  yields  are  evaluated  for  (d,n) ,  (d,p)  and  (d,a)  reactions 
on  these  targets  where  cross  sections  are  reported  in  the 
literature.  Graphs  of  thick- target  yield  as  a  function  of 
incident  ion  energy  are  presented  for  the  elements  in  these 
targets 


*  Work  supported  by  the  Department  of  Energy  through  Sandia 
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I .  Introduction 

Proton  and  deuteron  induced  nuclear  reactions  which  produce 
radioactivity  in  commonly  used  materials  are  surveyed.  The 
primarY-*  motivation  for  this  survey  is  to  provide  sufficient 
nuclear  data  to  evaluate  the  radiological  hazard  associated  with 
ion  induced  radioactivities.  Intense  ion  beam  generators  can 
produce  MA  level  ion  beams  with  particle  energies  of  several  MeV. 
Radioactivities  induced  in  carbon,  aluminum,  steel,  and  brass 
exposed  to  such  beams  may  pose  a  radiological  hazard  depending  on 
the  energy  and  intensity  of  the  ion  beam  and  on  properties  of  the 
induced  radioactivity.  In  addition,  radioactivity  induced  by 
reactions  in  a  titanivim  alloy  is  considered  because  this  alloy  is 
used  in  intense  beam  diodes.’  The  nuclear  data  tabulated  in  this 
report  may  be  relevant  to  other  technical  areas,  including 
radioisotope  production,  materials  modification  by  ion 
implantation,  and  techniques  to  diagnose  intense  pulsed  ion 
beams . 

In  this  report,  radioactivities  produced  by  proton  and 
deuteron  beams  incident  on  carbon,  aluminum,  titanium-alloy, 
steel,  and  brass  targets  are  identified.  For  these  singly- 
charged  ion  beams,  incident  energies  of  up  to  10  MeV  are 
considered.  Proton  and  deuteron  induced  reactions  leading  to  the 
following  products  are  considered:  neutrons,  protons,  deuterons, 
tritons,  ^jie,  and  a  particles.  Both  positive  and  negative 
Q-value  reactions  are  included.  The  tabulation  of  Keller  et  al.^ 
is  used  as  a  guide  to  identify  the  more  energetically  favorable 
reacifexons.  Tabulated  Q-values  are  based  on  mass  excesses  from 
Ref.  3.  Positive  Q-value  reactions  are  allowed  by  kinematics  for 
any  bombarding  energy.  Negative  Q-value  reactions  have  a 
threshold  energy  given  by  (M1+M2) (“Q)/M2  where  M,  is  the  incident 
projectile  mass  and  M2  is  the  target  mass. 

For  each  reaction,,  the  residual  radioactive  nucleus  and  its 
decay  properties  are  tabulated.  Reactions  which  produce  the 
long-lived  isotopes  (T1/2  =  3.7x10^  yr),  ^^i  (T^/2  =  8x10^ 

yr) ,  and  ^Ni  (T1/2  =  10^  Y^)  not  included  in  this  survey. 

Unrealistically  large  ion  beam  fluences  would  be  required  to 
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produce  significant  activities  of  these  long-lived  isotopes. 

Decay  modes,  half lives,  end-point  energies  and  7-ray  energies  for 
each  radioisotope  are  taken  from  Ref.  4.  The  most  intense 
7-decays  are  identified  from  Ref.  5. 

Measured  cross  sections  for  some  of  these  reactions  were 
found  in  the  published  literature.  Compilations  in  Ref.  6  were 
used  to  locate  published  sources  prior  to  1976.  Compilations  in 
Ref.  7  were  used  to  locate  additional  sources.  The  computerized 
catalog  DIALOG®  was  used  for  the  period  from  1976  to  1992.  Since 
DIALOG  does  not  include  all  the  journals  of  interest  in  this  time 
period.  Physics  Abstracts  was  used  to  supplement  this  survey.  No 
attempt  was  made  to  incorporate  cross  sections  from  unpublished 
technical  reports.  Cross  sections  determined  from  residual 
activities,  rather  than  prompt  particle  emissions,  are  the 
desired  quantities.  In  many  cases,  excitation  functions  (cross 
sections  as  a  function  of  incident  proton  energy)  are  determined 
by  measuring  delayed  radioactivities  induced  in  stacked  foils. 

For  reactions  where  sufficient  excitation  functions  are 
available,  the  cross  sections  are  combined  with  known  stopping 
cross  sections^  to  determine  thick— target  yields.  Graphs  of 
thick-target  yields  versus  incident  ion  energy  are  included  in 
this  report. 

Reactions  on  carbon  are  discussed  in  Sec.  III.  Reactions  on 
aliuninum  are  discussed  in  Sec.  IV.  Proton  induced  reactions  on 
titanium  alloy,  steel,  and  brass  are  discussed  in  Sec.  V. 

Deuteron  induced  reactions  on  these  alloy  targets  are  discussed 
in -Sec.  VI.  For  the  alloy  targets,  only  isotopes  for  which  the 
product  of  the  isotopic  abundance  and  the  alloy  proportion 
exceeds  1%  are  included  because  these  isotopes  are  expected  to  be 
the  primary  sources  of  radioactivity. 

For  the  proton  induced  reactions,  radioactivities  are 
produced  primarily  by  (p,n)  reactions.  Yields  for  these 
reactions  increase  rapidly  from  threshold.  Thresholds  are  less 
than  4  MeV  for  the  carbon,  titanium-alloy,  steel,  and  brass 
targets  and  5.8  MeV  for  an  aluminum  target.  At  10  MeV,  the 
5iv(p,n)  and  ®5cu(p,n)  reactions  have  the  largest  thick-target 
yields  (-  lO*^  reactions/proton) ;  these  two  reactions  also  have 
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the  smallest  thresholds-  Residual  activities  with  hour-to-day 
half lives  resulting  from  proton  bombardment  of  aluminum, 
titanium,  steel  and  brass  have  been  measured  and  specific 
radioisotopes  identified. The  observed  activities  are 
consistent  with  the  results  of  this  survey. 

For  the  deuteron  induced  reactions,  radioactivities  are 
produced  primarily  by  the  (d,n)  ,  (d,p) ,  and  (d,a)  reactions.  The 
(d,a)  yields  are  smaller  than  the  (d,n)  or  (d,p)  yields.  Thick- 
target  yields  for  the  (d,n)  and  (d,p)  reactions  increase  rapidly 
at  low  energy  and  approach  5x10*^  reactions/deuteron  at  10  MeV. 

At  low  energy,  the  (d,n)  yield  for  carbon  is  larger  than  for  the 
other  targets  presumably  due  to  the  smaller  Coulomb  barrier.  In 
the  energy  range  from  8  to  10  MeV,  thick-target  yields  for  the 
(d,n)  and  (d,p)  reactions  are  similar  so  differences  in  the 
yields  for  different  targets  are  due  primarily  to  the  different 
target  abundances.  For  some  of  these  reactions,  significant 
differences  are  found  in  the  literature  for  the  same  reaction 
cross  section  measured  in  different  experiments  by  different 
researchers.  In  some  cases,  additional  measurements  have  been 
reported  in  order  to  sort  out  these  differences.  However,  large 
differences  remain  for  the  27^1  (d,p)28Al  reaction,  as  indicated  in 
Fig.  4.  Additional  measurements  are  needed  to  provide  reliable 
cross  sections  for  this  reaction. 

The  radioactivity  produced  by  a  single  intense  pulse  of  ions 
can  be  evaluated  from  the  thick-target  yield.  For  a  100-kA, 
100-ns  duration  pulse  of  protons  or  deuterons,  the  initial 
activity  in  Curies  is  given  by  1.2xlO<^fY(E)/Ti/2  where  f  is  the 
fractional  abundance  of  the  target  element  in  the  alloy  target; 
Y(E)  is  the  thick-target  yield  at  energy  E;  and  T1/2  is  the 
half life  of  the  induced  radioactivity  in  seconds.  To  illustrate 
this  evaluation,  activities  are  determined  for  two  reactions 
which  have  large  yields.  For  10-MeV  protons  on  brass,  the  ^Szn 
activity  from  the  65cu(p^n)  reaction  is  34  /iCurie,  while  the  ^Zn 
activity  from  the  63cu(p,n)  reaction  is  0.16  Curie.  The  large 
difference  in  these  activities  is  due  to  the  shorter  ^Z.n 
half  life  (38  min)  compared  with  the  ‘^^zn  half  life  (244  da)  .  For 
10-MeV  deuterons  on  carbon,  the  activity  from  the  ''2c(d,n) 
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reaction  is  0.96  Curie.  These  examples  indicate  that  relatively 
large  radioactivities  can  be  produced  by  intense  proton  or 
deuteron  beams  under  some  conditions.  Much  smaller  activities 
are  obtained  for  targets  which  have  smaller  yields  and  produce 
longer__halflife  activities.  For  example,  for  10-MeV  protons  on 
the  titanium-alloy  target,  the  and  activities  from  the 
^7Ti(p,n)  and  ^i(p,n)  reactions  are  only  13  mCurie  and  0.31 
mCurie,  respectively.  These  activities  are  even  less  for  lower 
energy  protons . 

Radioactivities  induced  by  ^Li  ions  of  up  to  15  MeV  on  the 
same  target  materials  have  also  been  surveyed,”  and  some 
measurements  of  lithixim  induced  radioactivities  have  been 
reported. 
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II.  Explanation  of  Tables 


Symbol 

c 

^7 

IT 


Explanation 

Decay  by  electron  emission 
Decay  by  positron  emission 
Decay  by  electron  capture 
End-point  energy  for  the  /3-spectrum 
Energy  of  the  most  intense  7-ray 
associated  with  the  decay. 

Isomeric  transition 


Both  /3+  and  e  are  listed  when  these  two  decay  modes  are  of 
comparable  intensity.  Two  values  are  listed  for  E-y  when  these 
two  7-rays  are  of  comparable  intensity. 
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III.  Carbon  Target 


Nuclear  reactions  on  carbon  leading  to  radioactive 
products  are  listed  in  Table  I.  A  natural  carbon  target  consists 
of  two_isotopes ,  and  with  the  abundances  given  in  Table 

1.  For  thick- target  calculations,  the  target  is  assumed  to  be 
natural -abundance  carbon.  Each  reaction  listed  in  Table  I  is 
discussed  below,  and  thick- target  yields  are  given  in  Figs.  1  and 

2. 

The  thick-target  yield  for  this  reaction  below  3  MeV 
is  determined  by  resonances  at  457  keV  and  1.70  MeV.^^  Above  3 
MeV,  the  activity  from  the  I3c(p,n)  reaction  exceeds  the 
i^C(p,7)  activity  even  though  the  isotopic  abundance  of  in 
natural  carbon  is  only  1.1%. 

^^Cfp.n)  The  threshold  for  this  reaction  is  3.25  MeV.  The 

thick- target  yield  is  based  on  measured  cross  sections  from  Ref. 
13.  It  should  be  noted  that  the  activity  can  also  be 
produced  by  the  i6o(p,a)i3N  reaction  with  comparable  cross 
sections'll  for  proton  energies  above  7  MeV. 

liCjCd^nll^N:  The  threshold  for  this  reaction  is  0.33  MeV. is  The 

thick-target  yield  from  2  to  5  MeV  has  been  reported  for  a 
natural  carbon  target, and  this  yield  has  been  extended  to 
lower  energies  using  measured  relative  cross  sections. ^2  «j;>he 
measured  cross  sections  of  Wilkinson^^  were  used  to  extend  the 
thick-target  yield  to  10  MeV.  This  reaction  is  the  most  prolific 
source  of  radioactivity  for  a  carbon  target  over  the  energy  range 
of  interest. 

This  reaction  was  not  seriously  considered  in  this 
survey  for  three  reasons.  First,  the  small  natural  abundance  of 
reduces  the  radioactivity  from  this  reaction  by  two  orders  of 
magnitude  for  a  natural  carbon  target.  Second,  the  activity  will 
be  small  because  the  halflife  is  long,  e.g.,  it  takes  more 
radioactive  nuclei  to  prodtice  a  given  activity  for  a  longer 
half life.  Third,  the  decay  produces  only  a  low  energy 
/5-particle  which  is  easily  shielded. 
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Table  I 


Radioactivities  Induced  by  Protons  or  Deuterons 

on  Carbon 


Target  Nuclear  Reaction  _ Residual  Nucleus 


Iso- 

. 

Abun- 

Reaction 

Q-Value 

Decay 

Half 

(MeV) 

^7 

tope 

dance 

(MeV) 

Mode 

Life 

(MeV) 

12c 

98.9% 

+1.94 

10  min 

1.20 

0.51 

i2c(d,n)i3N 

-0.28 

10  min 

1.20 

0.51 

13c 

1.1% 

i3c(p,n)i3N 

-3.00 

10  min 

1.20 

0.51 

i3c(d,p)i'^C 

/ 

+5.95 

5.7  yr 

0.16 
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IV-  Aluminum  Target 


Nuclear  reactions  on  aluminum  leading  to  radioactive 
products  are  listed  in  Table  II.  Aluminum  consists  of  a  single 
isotope  277^1-  The  target  is  assumed  to  be  100%  aluminum  for 
thick-target  calculations.  Each  reaction  listed  in  Table  II  is 
discussed  below,  and  thick-target  yields  are  given  in  Fig.  3. 

^^Al (p.n)  ^^Si:  The  reaction  threshold  is  5.8  MeV.  The  thick- 
target  yield  is  based  on  measured  cross  sections  from  Ref.  18. 
^^Al(p.d)  ^^Al;  The  threshold  for  this  reaction  is  11.6  MeV.  No 
activity  is  possible  for  proton  energies  below  10  MeV. 

^^Alfd.p)  ^°A1:  The  cross  section  for  this  reaction  is  not  well 
known.  A  best  fit  to  cross  sections  measured  in  three  different 
experiments  (Refs.  19,  20  and  21)  was  used  to  generate  a  thick- 
target  yield  to  5  MeV  for  this  reaction. ^2  This  best-fit  cross 
section  curve  is  shown  in  Fig.  4,  and  the  thick-target  yield  is 
given  in  Fig.  3.  Cross  sections  from  Ref.  21  were  used  to  extend 
this  yield  cuirve  to  10  MeV.  Two  more  recent  cross  section 
measurements23,2A  are  much  larger  than  the  best  fit  from  Ref.  22, 
as  shown  in  Fig.  4.  The  reason  for  the  large  differences  (xl60 
at  3  MeV  and  x4  at  6.8  MeV)  is  not  known.  The  values  in  Ref.  23 
(0.6  to  3.2  MeV)  are  based  on  thick-target  measurements  and  are 
much  larger  than  (d,p)  cross  sections  on  other  nuclei  in  this 
mass  range. 2  in  a  thick  target,  additional  28a1  activity  may  be 
produced  by  the  27Ai(n,7)28Al  reaction  induced  by  neutrons  from 
the  27Al(d,n)2®si  reaction  in  the  same  target.  This  process  may 
account  for  the  large  cross  sections  in  Refs.  23  and  24.  This 
procTfeSs  was  shown  to  be  negligible  for  the  measurements  in 
Ref.  21. 

27Al(d.aP^ 24t^a:  The  kinematic  threshold  for  this  reaction  is 
5.8  MeV,  but  measured  excitation  functions^^.zs  for  this  reaction 
indicate  that  the  cross  section  is  small  below  10  MeV.  Therefore 
no  significant  activity,  is  expected  from  this  reaction. 
27Alfd.2pV27Mq;  The  kinematic  threshold  for  this  reaction  is 
4.4  MeV,  but  measured  cross  sections2^.26  indicate  that  the  yield 
is  small  below  10  MeV.  Therefore,  no  thick-target  yield  was 
evaluated  for  this  reaction. 
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Table  II 


Radioactivities  Induced  by  Protons  or  Deuterons 

on  Aluminum 


Target  Nuclear  Reaction  _ Residual  Nucleus 


Iso¬ 

tope 

Abun¬ 

dance 

Reaction 

Q-Value 

(MeV) 

Decay 

Mode 

Half 

Life 

(MeV) 

^7 

(MeV) 

27a1 

100% 

27a1  (p,n)  27si 

-5.59 

4.2  s 

3.8 

0.51 

27Al(p,d)26Al 

-10.8 

6.4  s 

3.21 

0.51 

27j^1  (d,p)  28a1 

+5  -  51 

p- 

2.24  min 

2.86 

1.78 

27Al(d,ap)2^Na 

-5.36 

p- 

15.0  hr 

1.39 

2.75 

1.37 

27Al(d,2p)27Mg 

-4.06 

p- 

9.45  min 

1.77 

0.844 
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V.  Proton  Induced  Radioactivities  in  the  Alloy  Targets 

For  the  medium- weight  nuclei  in  titanium-alloy,  steel,  and 
brass  targets,  radioactivities  are  produced  typically  by  either 
(p,n)  ojr  (p,a)  reactions.  Radioactivities  produced  by  these 
reactions  are  identified,  and  reaction  yields  are  briefly 
discussed  for  the  constituent  elements  of  these  alloys.  Thick- 
target  yields  for  these  targets  have  not  been  reduced  by  the 
alloy  composition  since  these  may  change  from  one  material  to 
another . 

A.  Titanium-Alloy  Target 

The  titanium  6-4  alloy  consists  of  90%  titanium,  6%  aluminvim 
and  4%  vanadium.  Titanium  consists  of  five  stable  isotopes  with 
abundances  ranging  from  5%  to  74%,  while  vanadium  is  99.8% 
Radioactivity  produced  by  irradiation  of  the  aluminum  in  this 
alloy  was  discussed  in  Sec.  IV.  Proton  induced  reactions  on 
titaniiam  and  vanadium  leading  to  radioactive  products  are  listed 
in  Table  III.  The  (p,n)  and  (p,a)  reactions  are  discussed  below, 
and  (p,n)  thick-target  yields  are.  given  in  Figs.  5  and  6. 

( p ,  n )  React  ions :  The  threshold  for  the  (p,n)  reaction  on  ^*^i  is 
8.0  MeV.  Immediately  above  threshold,  activity  has  been 
measured, 27  but  the  cross  section  was  hot  reported.  The  (p,n) 
reactions  on  and  ^i  have  lower  thresholds  of  3.78  and 

4.90  MeV,  respectively,  and  their  cross  sections  have  been 
measured. 28  Smooth  fits  were  made  to  these  cross  sections  to 
determine  thick-target  yields  for  a  natural-abundance  titanium 
targ'et.  These  reactions  are  primary  sources  of  radioactivity 
from  the  proton  bombardment  of  titanivim.  To  produce  significant 
activation  of  the  long-lived  ^’V  isotope  by  the  ^9Ti(p,n) 
reaction,  extremely  large  proton  fluences  would  be  recfuired. 
Furthermore,  decays  only  by  electron  capture  so  its  radiation 
hazard  is  minimal.  For  vanadium,  the  threshold  for  the  (p,n) 
reaction  is  1,56  MeV,  and  cross  sections  for  this  reaction  have 
been  determined  from  3.1  to  10.4  MeV  by  measuring  5icr  activity29 
and  from  1.6  to  4.5  MeV  by  measuring  neutron  emission.^ 
Independent  measurements  with  these  two  techniques'^  are 
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Table  III 


Radioactivities  induced  by  Protons  on  Titanium  and  Vanadium 


Target _  Nuclear  Reaction _  _ Residual  Nucleus 


Iso¬ 

tope 

Abun¬ 

dance 

Reaction 

Q-Value 

(MeV) 

Decay 

Mode 

Half 

Life 

(MeV) 

(MeV) 

46^1 

8.0% 

^i(p,n)'^V 

-7.85 

0.43  s 

6.04 

0.51 

^6Ti(p,a)^3sc 

-3.09 

3.89  hr 

1.20 

0.51 

47Ti 

7.5% 

^^Ti(p,n)^^V 

-3.70 

31  min 

1.90 

0.51 

^7Ti(p,a)^^Sc 

-2.25 

3.93  hr 

1.47 

1.16 

48<pj[ 

73.7% 

^®Ti  (p,  n)  '*®V 

-4.80 

16.0  da 

0.70 

1.31 

0.98 

49Ti 

5.5% 

^9Ti(p,n)^9v 

-1.39 

C 

331  da 

- 

- 

^9Ti(p,a)^SC 

-1.94 

p- 

83.8  da 

0.36 

1.12 

0.89 

SOTi 

5.3% 

50Ti(p,a)'^^Sc 

-2.24 

p- 

3.41  da 

0.44 

0.16 

51v 

99.8% 

5iv(p,n)5icr 

-1.53 

c 

27.7  da 

- 

0.32 
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consistent  and  are  in  agreement  with  the  measurements  in  Ref.  30. 
Therefore,  the  cross  sections  from  Ref.  29  are  scaled  to  values 
in  Ref.  30  to  provide  cross  sections  from  1.6  to  10.5  MeV.  A. 
smooth  fit  to  these  cross  sections  was  used  to  calculate  the 
thick- target  yield.' 

fp.g)  Reactions;  Thresholds  for  the  (p,ot)  reactions  on  ^^i, 

47Ti,  49Ti  and  50Ti  range  from  2.0  to  3.2  MeV.  The  (p,a)  reaction 
on  ^i,  the  most  abundant  isotope,  produces  no  radioactivity. 
These  reactions  tend  to  have  small  cross  sections  as  described  in 
Sec.  VB.  The  reactions  on  ^i  and  have  been  measured  by 

detecting  a-emission,  and  ground-state  differential  cross 
sections  of  only  0.03  to  0.4  mb/sr  for  9-  to  10-MeV  protons  have 
been  reported. ^2  For  14 -MeV  protons,  total  cross  sections  of 
30  mb  for  ^i  and  25  mb  for  ^''V  have  been  measured. Because 
cross  sections  below  10  MeV  are  expected  to  be  small  and  measured 
excitation  functions  are  not  available  in  the  literature,  no 
thick- target  yields  were  evaluated  for  these  reactions. 

B.  Steel  and  Brass  Targets 

These  alloy  targets  contain  several  elements  in  different 
proportions.  For  this  survey,  a  70%  iron,  20%  chromium,  10% 
nickel  composition  is  assumed  for  #304  stainless  steel.  The  brass 
composition  is  67%  copper  and  33%  zinc.  Each  of  these  elements 
consists  of  several  stable  isotopes  with  significant  fractional 
abundances .  Proton  induced  reactions  leading  to  radioactive 
products  are  listed  in  Table  IV  for  a  steel  target  and  in  Table  V 
for.  a  brass  target.  Reactions  listed  in  these  two  Tables  are 
disfittssed  below.  Thick-target  yields  for  the  elements  in  the 
steel  target  are  given  in  Figs.  7,  8,  and  9.  Thick-target  yields 
for  copper  and  zinc,  the  elements  in  brass,  are  given  in  Figs.  10 
and  11. 

fp.n)  Reactions;  Thresholds  for  the  (p,n)  reactions  range  from 
1.65  MeV  for  57Fe  to  9. 51 -MeV  for  58Ni.  These  reactions  have  been 
studied  extensively  and  their  cross  sections  increase  rapidly 
from  zero  at  threshold  to  relatively  large  values  (10^-10^  mb)  a 
few  MeV  above  threshold.  For  chromivim,  two  activities 
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Table  IV 


Radioactivities  Induced  by  Protons  on  Chromium,  Iron  and  Nickel 


Tar< 

Iso¬ 

tope 

aet _ 

Abun¬ 

dance 

Nuclear  Kec 

Reaction 

icrion 

Q-Value 

(MeV) 

Decay 

Mode 

O  X  1-10.  JL 

Half 

Life 

(MeV) 

^7 

(MeV) 

52cr 

83.8% 

52cr  (p,n)52Mn 

-5.49 

5.6  da 

0.57 

1.434 

0.94 

0.74 

52cr  (p,n)52nMn 

-5.87 

r 

21  min 

2.63 

1.434 

52cr(p,a)^’v 

-2.60 

C 

331  da 

- 

- 

SApe 

5.8% 

5AFe(p,n)5Aco 

-9.03 

1.5  min 

4.3 

0.51 

5AFe(p,o)5iMn 

-3.12 

46  min 

2.2 

0.51 

56Fe 

91.7% 

S^Fe  (p,n)  56co 

-5 . 36 

78  da 

1.46 

0.847 

57Fe 

2.1% 

57Fe(p,n)57Co 

-1.62 

c 

271  da 

- 

0.122 

57Fe(p,a)5AMn 

+0.24 

c 

312  da 

- 

0.835 

58Ni 

68.3% 

58Ni(p,n)58Cu 

-9.35 

3.2  s 

7.5 

1.45 

58Ni(p,a)55CO 

-1.35 

17.9  hr 

1.5 

0,51 

60Ni_^ 

26.1% 

^  • 

60Ni(p,n)^Cu 

-6.91 

23  min 

3.77 

1.76 

1.33 

60Ni(p,a)5ICo 

-0.27 

c 

271  da 

- 

0.122 
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Table  V 


Radioactivities  Induced  by  Protons  on  Copper  and  Zinc 


Target  Nuclear  Reaction  _ _ Residual  Nucleus 


Iso¬ 

tope 

Abun¬ 

dance 

Reaction 

Q -Value 
(MeV) 

Decay 

Mode 

Half 

Life 

(MeV) 

(MeV) 

^Cn 

69.1% 

^Cu(p,n)6^Zn 

-4.15 

38  min 

2.34 

0.51 

63Cu(p,d)62cu 

-8.62 

9.8  min 

2.93 

0.51 

65cu 

30.9% 

65cu(p,n)65zn 

-2.13 

C 

244  da 

- 

1.115 

65cu(p,d)<^Cu 

-7.69 

p- 

12.8  hr 
12.8  hr 

0.575 

0.656 

0.51 

65Cu(p,ad)6''Co 

-6.76 

fi- 

1.65  hr 

1.24 

0.068 

65cu  (P,aa)  57Mn 

-7.35 

y3- 

1.6  min 

2.56 

0.122 

^Zn 

48.9% 

<^Zn(p,n)^Ga 

-7.85 

2 . 6  min 

6.05 

0.51 

<^Zn(p,a)6icu 

+0.85 

3.4  hr 

1.22 

0.51 

^Zn 

27.8% 

66zn(p,n)66Ga 

-5.96 

9.5  hr 

4.15 

0.51 

66Zn(p,d)65zn 

-8.81 

c 

244  da 

- 

1.115 

<^Zn 

18.6% 

“Zn(p,n)<^Ga 

-3.70 

p* 

68  min 

1.90 

0.51 
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are  produced:  the  5.6-da  ground  state  and  a  21-inin  isomer.  The 
symbol  520^  in  Tables  IV  and  V  refers  to  an  isomeric  state  where 
52Mn  is  the  ground  state.  Thick-target  yields  for  the  (p,n) 
reaction  on  52cr  were  calculated  using  cross  sections  from  Refs. 

29,  34^.and  35.  For  iron,  (p,n)  cross  sections  are  taken  from 
Ref.  27  for  srpe  and  from  Ref.  36  for  56Fe.  The  cross  sections 
from  Ref.  36  below  10  MeV  fit  smoothly  onto  the  cross  sections 
from  Ref.  37  above  10  MeV.  A  precise  threshold  measurement  has 
been  reported  for  the  (p,n)  reaction  on  s^Fe,  (Ref.  38)  but  no 
cross  sections  were  found  in  the  literature.  The  9.20-MeV 
threshold  for  this  reaction  suggests  that  little  activity  can  be 
expected  below  10  MeV.  For  nickel,  little  activation  is  expected 
below  10  MeV.  Activity  from  the  (p,n)  reaction  on  Ni^s  is 
limited  by  the  9.51-MeV  threshold.  The  thick-target  yield  for 
the  (p,n)  reaction  on  ^ONi  is  calculated  from  cross  sections  in 
Ref.  3^  For  copper,  the  (p,n)  thick-target  yields  for  63cu  and 
65cu  are  based  on  cross  sections  found  in  Ref.  40.  For  zinc, 

(p,n)  cross  sections  were  taken  from  Ref.  41  for  ^Zn,  and  from 
Refs.  41—43  for  ^Zn  and  ^Zn.  Smooth  fits  were  made  to  these 
cross  sections  to  evaluate  the  thick-target  yields . 

(r>.a)  reactions:  No  excitation  functions  were  found  in  the 
literature  for  chromium,  iron,  or  copper  targets  for  proton 
energies  below  9  MeV.  Above  9  MeV,  excitation  functions  have 
been  determined  for  a  variety  of  targets  by  measuring  emitted 
o-particles,^"'^  rather  than  residual  radioactivities.  These 
(p,a)  studies  indicate  that  this  reaction  proceeds  by  a  compound- 
nucleus  process  where  the  incident  proton  penetrates  the  Coulomb 
barrifer  of  the  target  nucleus  and  excites  the  target.  The 
density  of  nuclear  excited  states  is  large  for  these  medixim 
weight  nuclei  so  that  a  statistical  treatment  of  the  compound 
nucleus  is  appropriate.  The  a-particle  emission  is  described  by 
an  a-particle  preformation  coefficient  in  the  nucleus  and  by 
Coulomb  barrier  transmissibn  to  exit  the  nucleus.  Since  the 
Coulomb  barrier  in  this  mass  range  is  about  6.5  MeV  for  protons 
and  about  13  MeV  for  a-particles,  (p,a)  cross  sections  should  be 
small  below  10  MeV.  At  10  MeV,  modest  cross  sections  (31  mb  for 
copper,  29  mb  for  zinc,  9  mb  for  iron,  and  5  mb  for  chromium) 
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have  been  reported. ^^'^5  ‘^Zn(p,a)  cross  section  has  been 

determined  from  8  to  22  MeV  by  measuring  residual 
radioactivity.^^  Despite  the  positive  Q-value  of  this  reaction, 
the  cross  section  is  only  17  mb  at  8  MeV  and  increases  to  a 
maximunu  of  80  mb  at  15  MeV.  For  nickel,  thick-target  yields  to 
produce  ^Sco  and  activities  were  calculated  using  cross 

sections  from  Ref.  48.  For  all  these  (p,a)  reactions,  the 
excitation  functions  decrease  rapidly  with  decreasing  energy  as 
expected  from  Coulomb-barrier-penetration  considerations.  A 
similar  argument  applies  to  the  65cu(p,aa)  and  ‘^5cu(p,ad) 
reactions. 

fp.d)  reactions:  These  reactions  on  copper  and  zinc  have  large 
negative  Q-values.  Experiments  indicate  that  these  reactions  are 
not  common  for  medium-weight  elements. On  the  other  hand, 

(p,pn)  reactions  are  commonly  observed.  These  reactions  require 
an  additional  2.22  MeV  which  corresponds  to  thresholds  greater 
than  10  MeV  for  the  (p,pn)  reactions  on  ^^cu  and  662n. 

VI.  Deuteron  Induced  Radioactivities  in  the  Alloy  Targets 

For  the  medium-weight  elements  in  the  titanium-alloy,  steel, 
and  brass  targets,  a  specific  radioactivity  may  be  produced  by 
several  different  deuteron  induced  reactions.  Therefore,  it  is 
difficult  to  associate  a  measured  radioactivity  with  one  nuclear 
reaction.  Consequently,  only  a  limited  number  of  excitation 
functions  for  deuteron  induced  reactions  have  been  measured  for 
these  elements.  Furthermore,  the  (d,n) ,  (d,p)  and  (d,a) 
reac£”ions  all  have  positive  Q-values  and  cross  sections  oh  the 
order  of  100  mb  above  the  Coulomb  barrier.  For  deuterons  in  the 
few  MeV  range  (below  the  Coulomb  barrier) ,  the  (d,o)  reactions 
have  appreciably  smaller  cross  sections  than  the  (d,n)  and  (d,a) 
reactions. 50  Substantial  radioactivities  can  be  expected  from 
these  reactions,  and  the /following  discussion  will  focus  on  these 
reactions.  Deuteron- induced  reactions  leading  to  radioactivities 
are  identified,  and  activation  yields  are  briefly  discussed  for 
these  alloy  targets. 
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A.  Titanium-Alloy  Target 

Deuteron  induced  reactions  on  titanium  and  vanadium  in  the 
titanium  alloy  target  which  lead  to  radioactive  products  are 
listed  in  Table  V-  For  titanium,  there  are  four  isotopes  with 
abundances  of  5%  to  8%,  while  ^®Ti  is  74%  abundant.  Cross 
sections  for  the  ^7Ti(d,n)  reaction  and  for  the  (d,a)  reactions 
on  ^i,  ^®Ti  and  ^’Ti  have  been  determined  in  the  range  from 
5.5  to  10  MeV,5i  but  these  measurements  are  insufficient  to 
evaluate  thick- target  yields.  These  cross  sections  increase 
monotonically  up  to  10  MeV  with  values  at  10  MeV  of  130  mb  for 
the  (d,n)  reaction  and  40  to  80  mb  for  the  (d,a)  reactions.  For 
the  bombardment  of  a  natural  titanium  target  with  6.5-MeV 
deuterons,  a  thick-target  yield  of  8.3  x  lO'S  ^Sy/deuteron  has 
been  reported  for  producing  activity  .^2  This  activity 
includes  both  the  ^7Ti(d,n)^®V  and  ^®Ti(d,2n)^V  reactions.  Cross 
sections  for  several  of  the  negative  Q— value  reactions  on 
titanium  are  negligible  below  5  MeV  and  increase  rapidly  with 
energy  from  5  and  10  MeV.  For  example,  the  ^^Ti (d, 2n) reaction 
cross  section  is  negligible  at  5.5  MeV,  but  approaches  200  mb  at 
10  MeV. 51  A  similar  behavior  is  observed  for  the  ^®Ti(d,2n)^V 
reaction. 53  The  (d,n)  and  (d,a)  reactions  on  the  most  abundant 
^i  isotope  lead  to  rather  long-lived  isotopes  so  large 
activities  are  not  expected  for  these  reactions.  Shorter  half- 
life  activities  are  produced  by  these  reactions  on  the  other 
isotopes,  however  these  activities  are  reduced  by  the  smaller 
isotopic  abundances.  Consequently,  the  activation  of  titanium  by 
deuterons  is  not  as  large  as  for  some  other  target  materials. 

'"For  vanadixim,  the  most  likely  source  of  radioactivity  is  the 
positive  Q-value  5iv(d,p)52y  reaction.  Cross  sections  for  this 
reaction,  based  on  proton  measurements,  are  11  mb  at  3.8  MeV  and 
17  mb  at  4.5  MeV. 5^  Even  larger  cross  sections  can  be  expected 
for  the  activation  of  52y  because  these  proton  measurements 
include  only  higher-energy  emitted  protons.  Thick-target  yields 
for  producing  5icr  by  deuteron  bombardment  of  vanadium  has  been 
reported. 55  This  yield  is  nearly  zero  at  5  MeV  and  increases 
monotonically  to  2.3  x  10*^  5icr/deuteron  at  10  MeV.  This 
activity  is  attributed  to  the  5iv(d, 2n) 5icr  reaction.  No  other 
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Table  V 


Radioactivities  Induced  by  Deuterons  on  Titaniixm  and  Vanadium 


Target  Nuclear  Reaction  _ Residual  Nucleus 


Iso¬ 

tope 

Abun¬ 

dance 

Reaction 

Q-Value 

(MeV) 

Decay 

Mode 

Half 

Life 

(MeV) 

(MeV) 

46Ti 

8.0% 

^i(d,n)'i7v 

+2.95 

31  min 

1.90 

0.51 

^i(d,t)^5Ti 

-6.94 

r 

3.08  hr 

1.04 

0.51 

'^i(d,a)^Sc 

+4.40 

r 

3.93  hr 

1.47 

1.16 

"^Ti  (d,2p)^Sc 

-3.81 

P- 

83.8  da 

0.36 

1.12 

0.89 

■^i(d,an)'i^Sc 

-5.31 

P" 

3.89  hr 

1-20 

0.51 

47Ti 

7.5% 

^7Ti(d,n)^V 

+4.61 

16.0  da 

0.70 

1.31 

0.98 

^7Ti(d,3He)^6sc 

-4.97 

P- 

83.8  da 

0.36 

1.12 

0.89 

'i7Ti(d,2p)'i7sc 

-2 . 04 

P- 

3-41  da 

0.44 

0.16 

'i7Ti(d,2n)^7v 

-5.92 

P* 

31  min 

1.90 

0.51 

^7Ti(d,an)^'^Sc 

-4.47 

P* 

3-93  hr 

1.47 

1.16 

48Ti 

73.7% 

^8Ti(d,n)^9v 

+4.52 

C 

331  da 

- 

^i(d,3He)'^^Sc 

-5.95 

p- 

3.41  da 

0-44 

0.16 

■ 

^®Ti(d,a)^Sc 

+3.98 

p- 

83.8  da 

0-36 

1.12 

0.89 

«Ti(d,2p)'i8sc 

-5.42 

P' 

43.7  hr 

0.65 

1.31 

1.04 

0.98 

^i(d,2n)^V 

-7.02 

P*,C 

16.0  da 

0.70 

1.31 

0.98 

«Ti(d,ap)«5ca 

-4.25 

P' 

163  da 

0.26 

- 

^i(d,2a)^2K 

-5.18 

p- 

12.4  hr 

3.52 

1.53 

Continued  on  next  page. 
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Table  V  Continued 


Radioactivities  Induced  by  Deuterons  on  Titanium  and  Vanadium 


Target  Nuclear  Reaction  _ Residual  Nucleus 


X  J- 

Iso¬ 

tope 

Abun¬ 

dance 

Reaction 

Q-Value 

(MeV) 

Decay 

Mode 

Half 

Life 

(MeV) 

^7 

(MeV) 

49Ti 

5.5% 

^9Ti(d,3He)^Sc 

-5.85 

p- 

43.7  hr 

0,65 

1.31 

1.04 

0.98 

'^9Ti(d,a)^7sc 

+6.48 

p- 

3.41  da 

0.44 

0.16 

'i9Ti(d,2p)^9Sc 

-3.45 

P- 

57  min 

2 . 00 

- 

'^9Ti(d,an)'^6sc 

-4.16 

P- 

83.8  da 

0.36 

1.12 

0.89 

^9Ti(d,2a)^3K 

-3.69 

P- 

22.2  hr 

0.83 

0.62 

0.37 

50Ti 

5,3% 

50Ti(d,p)5iTi 

+4.16 

p- 

5.8  min 

2,14 

0,32 

50Ti(d,3He)'‘’Sc 

-6.68 

P- 

57  min 

2.00 

- 

50Ti(d,a)^Sc 

+3.79 

p- 

43.7  hr 

0.65 

1.31 

1.04 

0.98 

50Ti(d,2p)50Sc 

-7.91 

P' 

1.7  min 

3.7 

1.55 

50Ti(d,an)^7Sc 

-4.47 

P- 

3.41  da 

0.44 

0.16 

50Ti(d,ap)^^Ca 

-5.66 

p- 

4.54  da 

0.69 

1.30 

50Ti(d,2a)^K 

-7.79 

P- 

22  min 

5.66 

1.16 

51v 

99.8% 

51v(d,p)52v 

+5.08 

P- 

3.8  min 

2.5 

1,43 

5tV(d,2p)5lTi 

-3.90 

P- 

5,8  min 

2.14 

0.32 

5iV(d,2n)5iCr 

-3.76 

£ 

27.7  da 

- 

0.32 

51V(d,ap)'^SC  , 

-4.27 

p- 

43.7  hr 

0.65 

1.31 

1.04 

0.98 

51V(d,2a)^5ca 

-3.10 

P' 

163  da 

0.26 

- 
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activation  cross  sections  have  been  published  for  deuterons  on 
vanadium. 

B.  Steel  Target 

Deoateron  induced  reactions  leading  to  radioactive  products 
are  listed  in  Table  VI  for  a  steel  target.  For  the  20%  chromium 
component  of  this  target,  only  and  53cr  have  significant 

abundances.  For  natural-abundance  chromium,  the  thick-target 
yield  (reactions/deuteron)  at  8  MeV  for  activating  sz^n  by  the 
52cr(d,2n)52Mn  reaction  is  7x  less  than  the  thick-target  yield  for 
activating  sicr  by  the  50cr(d,n)5iMn(/5-)5icr  and  socr (d,p)5icr 
reactions. 56  The  isotopic  abundance  of  50cr  is  only  4,4%. 
Reactions  on  50cr  are  not  included  in  Table  VI  because  the 
abundance  of  this  isotope  in  a  steel  target  is  less  than  1%,  and 
5iCr  is  not  expected  to  be  a  primary  source  of  radioactivity. 
Above  8  MeV,  the  activation  of  52Mn  increases  rapidly  with 
energy,  and  calculated  thick-target  yields  for  Mn52  and  the 
isomer  Mn52n’,  evaluated  using  cross  sections  from  Ref.  57,  are 
presented  in  Fig.  12.  The  thick-target  yield  for  producing 
by  deuteron  bombardment  of  chromium  has  been  determined .  56  This 
yield  increases  roonotonically  from  nearly  zero  at  1  MeV  to  5.8  x 
10 "5  54Mn/(leu-t;;:eron  at  10  MeV. 

Radioactivities  produced  by  deuteron  induced  reactions  on 
natural  iron  have  been  identified  and  excitation  functions  have 
been  measured  for  deuterons  above  5  MeV, 58  in  the  range  from 
5  to  10  MeV,  the  largest  activation  cross  sections  are  for  55co, 
5700,  and  54Mn.  The  cobalt  activities  are  induced  principally  by 
the' 5^Fe(d,n)55co  and  56Fe(d,n)57co  reactions.  Below  5  MeV,  ‘  55co 
activation  cross  sections, 59  measured  over  the  energy  range  from 
2.44  to  5,5  MeV,  are  a  factor-of-two  smaller  than  the  cross 
sections  in  Ref.  58.  The  cross  sections  in  Ref.  59  were  used  to 
evaluate  thick-target  yields  because  the  initial  deuteron  energy 
for  the  stacked- foil  measurements  in  this  experiment  is  5.5  MeV, 
compared  with  40  MeV  in  Ref.  58.  The  excitation  function  for 
55co  in  Ref.  '58  is  scaled  to  cross  sections  in  Ref.  59  to  give 
activation  cross  sections  for  55^0  and  57co  up  to  10  MeV.  The 
5^Mn  activity  is  produced  principally  by  the  56Fe(d,a)5^Mn  and 
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Table  VI 


Radioactivities  Induced  by  Deuterons  on  Chromium, 

Iron  and  Nickel 


Target  Nuclear  Reaction  _ Residual  Nucleus 


Iso¬ 

tope 

Abun¬ 

dance 

Reaction 

Q-Value 

(MeV) 

Decay 

Mode 

Half 

Life 

(MeV) 

(MeV) 

52cr 

83.8% 

52cr(d,t)5icr 

-5.78 

c 

27.7  da 

- 

- 

52cr(d,2n)52Mn 

-7.78 

5.6  da 

0.57 

1.434 

0.94 

0.74 

52cr(d,2n)52niMn 

-8.10 

21  min 

2.63 

1.43 

52cr(d,2p)52v 

-3.98 

fi- 

3.8  min 

2.5 

1.43 

53cr 

9.5% 

53cr(d,n)5^Mn 

5.34 

c 

312  da 

■  - 

0.835 

53cr(d,3He)52v 

-5.64 

p- 

3 . 8  min 

2.5 

1.43 

53cr(d,2p)53v 

-4.5 

p- 

1.6  min 

2.4 

1.00 

s^Fe 

5.8% 

5^Fe(d,n)55co 

2.83 

17.9  hr 

1.5 

0.51 

5'iFe(d,p)55Fe 

7.08 

c 

2.7  yr 

- 

- 

5«Fe(d,t)53Fe 

-7.36 

p* 

8.5  min 

2.8 

0.51 

5^Fe(d,a)52Mn 

5.17 

C,p* 

5.6  da 

0.57 

1.434 

0.94 

0.74 

5«Fe(d,a)52«nMn 

4.79 

p* 

21  min 

2.63 

1.43 

'tA  • 

5'iFe(d,2p)5^Mn 

-2.14 

c 

312  da 

- 

0.835 

56Fe 

91.7% 

56Fe(d,n)57co 

3.80 

c 

271  da 

- 

0.122 

56Fe(d,t)55Fe 

-4.95 

c 

2.7  yr 

- 

- 

56Fe(d,a)5^Mn  . 

5.66 

c 

312  da 

- 

0.835 

56Fe(d,2n)56co 

-7.58 

C,P^ 

78  da 

1.46 

0.847 

56Fe(d,2p)56Mn 

-5.14 

p- 

2.58  hr 

2.85 

0.847 

Continued  on 

next  page 
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Table  VI  Continued 


Radioactivities  Induced  by  Deuterons  on  Chromium, 

Iron  and  Nickel 


Target  Nuclear  Reaction  _ Residual  Nucleus 


Iso- 

Abun- 

Reaction 

Q-Value 

Decay 

Half 

(MeV) 

E 

tope 

dance 

(MeV) 

Mode 

Life 

(MeV) 

ST'Fe 

2.1% 

57Fe(d,n)58co 

4.73 

71  da 

0.47 

0.81 

57Fe(d,3He)56Mn 

-5.07 

2.58  hr 

2.85 

0.847 

57Fe(d,2n)5^Co 

-3.84 

C 

271  da 

- 

0.122 

57Fe(d,2p)57Mn 

-4.14 

0- 

1.6  min 

2.56 

0.122 

58Ni 

68.3% 

58Ni(d,n)59cu 

1.20 

82  s 

3.78 

0.51 

58Ni(d,a)56Co 

6.51 

78  da 

1.46 

0.847 

58Ni(d,t)57Ni 

-5.94 

36  hr 

0.84 

1.37 

58Ni(d,3He)57co 

-2.68 

c 

271  da 

- 

0.122 

58Ni(d,2p)58co 

-1.83 

71  da 

0.47 

0.81 

58Ni(d,an)55Co 

-3.57 

0%c 

17.9  hr 

1.5 

0.51 

5®Ni  (d,ap)  5^Fe 

0.67 

c 

2.7  yr 

- 

- 

58Ni(d,2a)5^Mn 

3.61 

c 

312  da 

- 

0.835 

60Ni 

26.1% 

‘^Ni(d,n)^^Cu 

2.58 

0\^ 

3.4  hr 

1.22 

0.51 

80Ni  (d,a)  58CO 

6.08 

c,0^ 

71  da 

0.47 

0.81 

■ 

60Ni(d,2n)<^Cu 

-9.13 

r 

23  min 

3.77 

1.33 

88Ni(d,2p)60co 

-4.26 

0- 

5.27  yr 

0.32 

1.17 

1.33 

60Ni(d,an)57co 

-2.49 

€ 

271  da 

- 

0.122 
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5^Fe(d,  2p)5^Mn  reactions,  and  cross  sections  for  5«Mn  are  taken 
from  Ref,  58.  Thick-target  yields  for  a  natural  iron  target, 
calculated  using  these  cross  sections,  are  presented  in  Fig.  13. 

For  the  10%  nickel  component  in  the  steel  target,  only  5%! 
and  60Ni_.have  significant  abundances.  Excitation  functions  for 
(d,n)  reactions  on  these  nuclei  have  been  measured  over  the 
energy  range  from  2  to  12  MeV.^o  These  cross  sections  increase 
rapidly  with  energy  up  to  peaks  of  200  mb  at  8  MeV  for  ^SNi  and 
470  mb  at  8  MeV  for  ^Ni.  Above  these  peaks,  the  cross  sections 
decrease  slowly  with  increasing  energy.  These  activation  cross 
sections  are  smaller  than  the  cross  sections  for  at  3.0,  3.5 

and  4,0  MeV  in  Ref.  61  and  larger  than  the  cross  sections  for 
60Ni  at  7.2  and  9.4  MeV  in  Ref.  62.  Thick-target  yields  were 
evaluated  using  the  cross  sections  in  Ref.  60  because  they 
encompass  a  broad  energy  range.  These  yields  are  presented  in 
Fig.  14,  Activation  cross  sections  for  the  (d,a)  reactions  on 
58Ni  and  ^ONi  are  smaller  than  the  (d,n)  cross  sections.62,63  The 
(d,a)  cross  sections  increase  monotonically  with  increasing 
deuteron  energy  from  5  to  10  MeV.  The  thick- target  yield  for  the 
reaction  58Ni (d,a) 56co,  calculated  using  cross  sections  in  Refs. 

62  and  63,  is  displayed  in  Fig.  14.  For  a  natural  nickel  target, 
5®Co  activation  may  be  produced  by  both  the  ^Ni{d,a)^®Co  and 
58Ni(d, 2p)58co  reactions.  The  ^Sco  activation  in  Fig.  2  of  Ref. 

64  is  presumably  due  to  both  reactions  rather  than  just  the 
58Ni(d,2p)58co  reaction.  The  thick- target  yield  for  ^Sco 
activation,  calculated  from  cross  sections  in  Refs.  62  and  64  is 
presented  in  Fig.  14.  Cross  sections  for  the  (d,t),  (d,3He) , 

(d,anj  ,  (d,ap)  and  (d,2a)  reactions  on  and  the  (d,2n)  and 

(d,an)  reactions  on  ^Ni  have  been  measured , ^2-65  and  activities 
induced  by  these  reactions  are  extremely  small  below  10  MeV. 

C .  Brass  Target 

Deuteron  induced  reactions  leading  to  radioactive  products 
are  listed  in  Table  VII  for  the  67%  copper  component  in  this 
target.  The  (d,p)  and  (d,2n)  reactions  on  ^Cn  and  ^^cu  are 
prolific  sources  of  radioactivity  for  deuterons  below  10  MeV.  A 
seminal  study  of  activations  for  these  reactions  may  be  found  in 


24 


Table  VII 


Radioactivities  Induced  by  Deuterons  on  Copper 


Taraet 

Nuclear  Reaction 

Residual 

Nucleus 

Iso¬ 

tope 

Abun¬ 

dance 

Reaction 

Q-Value 

(MeV) 

Decay 

Mode 

Half 

Life 

(MeV) 

(MeV) 

69-1% 

^2cu(d,p)*^Cu 

5.69 

p- 

12.8  hr 
12.8  hr 

0.575 

0.656 

0.51 

63cu(d,t)'^2cu 

-4.58 

P" 

9.8  min 

2.93 

0.51 

63cu(d,2n)63zn 

-6.37 

P* 

38  min 

2.34 

0.51 

63cu(d,ap)60co 

-0.51 

0- 

5.27  yr 

0.318 

1.17 

1.33 

65cu 

30.9% 

^5cu(d,p)'^Cu 

4.84 

p- 

5.1  min 

2-63 

1.04 

65Cu(d,t)6^Cu 

-3.65 

p- 

12.8  hr 
12.8  hr 

0.575 

0.656 

0.51 

65cu(d,2n)652;n 

-4.36 

C 

244  da 

- 

1.115 

65cu(d,2p)65Ni 

-3.57 

p- 

2.52  hr 

2.13 

1.48 

“^^Cu  (d,ap)  ^Co 

-2.32 

p- 

14  min 

2.88 

1.17 
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Ref.  66.  For  the  (d,p)  reactions,  significant  disagreements  in 
the  magnitude  and  shape  of  the  excitation  functions  are  observed 
between  three  independent  cross~section  measurements .  For  the 
(d,2n)  reactions,  there  is  good  agreement  between  the  same  three 
experiments.  Thick— target  yields,  based  on  cross  sections  from 
Ref.  66,  are  presented  in  Fig.  15.  Measurements67,68  of  the 
62Cu(d,  t)*2cu  and  65cu(d,  2p)^^Ni  reactions  indicate  that  the 
activation  cross  sections  for  these  reactions  are  much  less  than 
for  the  (d,p)  and  (d,2n)  reactions. 

For  the  zinc  in  this  target,  deuteron  induced  reactions 
leading  to  radioactive  products  are  listed  in  Table  VIII.  The 
^Zn,  66zn,  and  <^Zn  isotopes  have  significant  abundances  for  the 
33%  zinc  component  of  the  target.  Excitation  functions  have  been 
measured  for  the  (d,p)  and  (d,n)  reactions  in  Table  VIII. 
Activation  cross  sections  for  the  ^Zn(d,p)^5zn  reaction  include 
the  ^Zn(d,n)^^Ga  reaction  because  the  15-min  ^^Ga  isotope  decays 
to  the  244-da  isotope.69.ro  This  short-lived  precursor  is 

included  in  delayed  activation  measurements  of  65zn.  For  66zn, 
cross  sections^i  for  the  66zn(d,n)67Ga  reaction  include  a  small 
contribution  from  the  672n(d,2n)6rGa  reaction  at  higher  deuteron 
energy.  The  natural  abundance  of  67zn  is  only  4.1%.  For  68zn, 
the  (d,p)  reaction  produces  either  6Vzn  or  the  isomer,  69m2;n.  The 
isomer  decays  by  an  isomeric  transition  (IT)  with  the  emission  of 
a  0.44-MeV  7-ray  to  69zn.  Separate  cross  sections  have  been 
measured  for  these  two  activities . ^2  Thick-target  yields,  based 
on  cross  sections  from  Refs.  69—72,  are  presented  in  Fig.  16. 

For  the  (d,a)  reactions  in  Table  VIII,  only  the  cross 
section  for  activating  64cu  has  been  published.^  Isotopically 
enriched  targets  were  required  to  extract  the  excitation  function 
for  this  activity.  The  more  intense  (d,p)  and  (d,n)  reactions 
vhich  induce  competing  short-lived  activities  make  measurements 
of  the  smaller  (d,a)  cross  sections  difficult.  No  excitation 
functions  have  been  reported  for  the  10-min  62cu  or  5-min  66cu 
activities.  The  thick-target  yield  for  64cu  activity,  based  on 
the  cross  sections  in  Ref.  73,  is  presented  in  Fig.  16. 
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Table  VIII 


Radioactivities  Induced  by  Deuterons  on  Zinc 


Target  Nuclear  Reaction  _ ResidualNucleus 


Iso¬ 

tope 

Abun¬ 

dance 

Reaction 

Q-Value 

(MeV) 

Decay 

Mode 

Half 

Life 

(MeV) 

(MeV) 

<^Zn 

48.9% 

6^Zn(d,n)65Ga 

1.72 

15  min 

2.24 

0.51 

<^Zn(d,p)'^52n 

5.76 

C 

244  da 

- 

1.115 

6«Zn(d,t)63zn 

-5.60 

r 

38  min 

2.34 

0.51 

<^Zn(d,a)‘^2cu 

7.52 

9.8  min 

2.93 

0.51 

‘^Zn(d,2p)^Cu 

-2.01 

p- 

12.8  hr 
12.8  hr 

0.575 

0 . 656 

0.51 

^Zn 

27.8% 

66zn(d,n)67Ga 

3.05 

c 

78  hr 

- 

0.093 

^Zn(d,t)‘^5Zn 

-4.78 

c 

244  da 

,  -  . 

1.115 

66zn(d,a)'^Cu 

7 . 26 

p- 

12.8  hr 
12.8  hr 

0.575 

0.656 

0.51 

<^Zn(d,2p)‘^Cu 

-4.07 

5 . 1  min 

2.63 

1.04 

66zn(d,2n)66Ga 

-8. 18 

9.5  hr 

4.15 

0.51 

68zn 

18.6% 

68zn(d,p)69zn 

4.28 

fi- 

57  min 

0.91 

- 

68zn(d,p)69n'zn 

3.84 

IT 

13.9  hr 

- 

0.44 

^Zn(d,3He)67cu 

-4.50 

p- 

62  hr 

0.57 

0.185 

^Zn(d,a)66cu 

6.97 

fi- 

5.1  min 

2.63 

1.04 

68Zn(d,2n)68Ga 

-5.93 

68  min 

1.90 

0.51 

68zn(d,2p)68cu 

-6.03 

31  sec 

3.51 

1.08 
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Excitation  functions  have  been  measured  for  several  of  the 
negative  Q-value  reactions  in  Table  VIII.  For  the  ^Zn(d,2p) 
reaction,  the  cross  section  is  small  (5  mb)  at  10  MeV  and 
negligible  below  8  MeV,^  For  the  ^^Zn (d, 2n) reaction,  the 
cross  section  increases  from  zero  at  the  8.4— MeV  threshold  to 
150  mb  at  10  MeV.^  For  the  (d,  2n)  ^Sca  reaction  the  threshold 
is  6.1  MeV,  but  some  <^Ga  activity  is  produced  at  lower  energy 
from  the  672;n(d,n)68Ga  reaction.  The  thick-target  yield  for  ^Sca 
activity,  based  on  the  cross  sections  in  Ref.  72,  is  presented  in 
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Yield  (^^N/IO®  particles.) 


i2C(d,n)^3N 


Incident  Energy  (MeV) 


Fig.  1.  Thick-target  yields  for  the  ■•3c(p,n) ''^N  and 

^2c(d,n)^2N  reactions  below  4  MeV  in  a  natural  carbon 
target . 


Yield  (^^N/10®  particles) 


Incident  Energy  (MeV) 


Fig.  2.  Thick-target  yields  for  the  i3c(p,n)’%  and  ■'2c(d,n)^3N 
reactions  up  to  10  MeV  in  a  natural  carbon  target. 
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Thick-target  yields  for  the  2V’Al(p,n)2^Si  and 
27Ai  (d,p)2®Al  reactions  in  an  aluminum  target 


Measured  cross  sections  for  the  27^1  (d,p) ^saI  reaction. 
The  best  fit  is  for  cross  sections  from  References  19 
20  and  21. 


Thick-target  yields  for  the  ^^Ti(p,n)^^V  and  ^i(p,n)^V 
reactions  in  a  natural  titanium  target. 


Table  V 

Thick-target  yields  for  a  natural  titanium  target 


Incident  Energy 
(MeV) 


Yield 

(reactions/1 0^  protons) 


^^T[(p,nfY 

''*Ti(p,n)''V 

3.8 

0.005097 

3.8 

0.005344 

4.0 

0.07977 

4.2 

0.2763 

4.4 

0.5769 

4.6 

0.9673 

4.8 

1.436 

4.9 

0 

5.0 

1.975 

0.04961 

5.2 

2.578 

0.931  • 

5.4 

3.24 

3.203 

5.6 

3.959 

6.909 

5.8 

4.732 

12.08 

6.0 

5.56 

18.73 

6.2 

6.44  . 

26.86 

6.4 

1.314 

36.48 

6.6 

8.361 

47.55 

6.8 

9.401 

60.06 

7.0 

10.49 

73.96 

7.2 

11.64 

89.22 

7.4 

12.84 

105.8  • 

7.6 

14.09 

123.6 

7.8 

15.4 

142.5 

8.0 

16.76 

162.6 

8.2 

18.17 

183.7 

8.4 

19.64 

205.8 

8.6 

21.17 

228.9 

8.8 

22.76 

252.8 

9.0 

24.41 

277.6 

9.2 

26.13 

303.1 

9.4 

27.92 

329.4 

9.6 

29.77 

356.6 

9.8 

31.68 

384.5 

10.0 

33.65 

413.2 

0 


^2Cr(p,n)^^"^Mn 


l 


Thick-target  yields  for  the  52cr(p,n)52Mn  and 
52cr(p,n)52nMn  reactions  in  a  natural  chromium  target 


Incident  Energy  (MeV) 


Thick-target  yields  for  the  56Fe(p,n)56Co  and 
57Fe(p,n)^^Co  reactions  in  a  natural  iron  target 


Thick-target  yields  for  the  60Ni(p,n)60cu,  60Ni(p,a)57co 
and  58Ni(p,a)55co  reactions  in  a  natural  nickel  target. 


Id  (reactions/10®  protons) 


Yield  (reactions/1.0®  protons) 


Incident  Energy  (MeV) 


Fig.  11.  Thick-target  yields  for  the  ^Zn(p,n)^Ga,  ^Zn(p,n)^Ga, 
and  ^Zn(p,n)^Ga  reactions  in  a  natural  zinc  target. 


Incident  Energy  (MeV) 


Fig.  12.  Thick-target  yields  for  the  52cr(d,2n)52Mn  and 

52cj.(<j^2n)52niMn  reactions  in  a  natural  chromium  target 


Yield  (reactions/10®  protons.) 


Fig.  13.  Thick-target  yields  for  the  56Fe(d,n)57co  and 

5^Fe(d,n)55co  reactions  and  for  the  activation  of  by 
deuterons  on  a  natural  iron  target. 


Yieia  (reaciions/i  U"  protons) 


100 


Incident  Energy  (MeV) 


Fig,  14.  Thick-target  yields  for  the  58Ni(d^n)59cu,  60Ni(d,n)6iCu, 
and  58Ni(d,a)56co  reactions  and  for  the.  activation  of 
58co  by  deuterons  on  a  natural  nickel  target. 


Yield  (reactlons/10®  protons) 


100 


®='Cu(d,p)®"'Cu 

8sCu(d,p)S6Cu  \ _ 

88Cu(d,2n)68Zn 

83Cu(d,2n)«Z(^><" 


Incident  Energy  (MeV) 


Fig.  15.  Thick-target  yields  for  the  «Cu(d,p) 64cu,  65cu(d  p)66cu 

«Cu(d,2n)63zn,  and  65cu(d,2n)65zn  reactions  in  a  natural 
copper  target . 


Yield  (reactiO:ns/10®  protons) 


Fig. 
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16.  Thick-target  yields  for  the  activation  of  652n  by 
deuterons  and  for  the  ^Zn(d,n) 68zn(d,p)69zn, 
^Zn(d,p)69nizn,  ‘^Zn(d,a)64cu,  and  “Zn(d, 2n) ^Sca 
reactions  in  a  natural  zinc  target. 
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ABSTRACT 

Proton,  deuteron  and  ^Li  induced  nuclear  reactions 
which  produce  radioactivities  are  surveyed  for  application 
to  experiments  with  intense  ion  beams  from  pulsed  power 
generators.  Reactions  with  up  to  10-MeV  protons  or 
deuterons  and  up  to  15-MeV  ^Li  ions  bombarding  carbon, 
aluminum,  titanium-alloy,  steel  and  brass  targets  are 
considered.  Measured  cross  sections  from  the  published 
literature  are  used  to  calculate  thick-target  yields  and 
evaluate  radioactivities  induced  by  protons  or  deuterons. 
The  ^Li  induced  reactions  are  dominated  by  Coulomb 
barrier  penetration. 

I.  INTRODUCTION 

Intense  pulsed  ion  beams  are  being  developed  for  use 
in  a  variety  of  applications  including  material  modification 
studies  and  inertial  confinement  fusion  (ICF)  with  light-ion 
beams.*  Beam  currents  in  the  kiloampere  to  megampere 
range  and  ion  energies  of  up  to  20  MeV  can  be  generated 
with  modem  pulsed  power  generators.  Proton  and 
deuteron  beams  are  commonly  used  for  these  applications. 
For  light-ion  ICF,  lithium  beams  of  up  to  15  MeV  have 
been  generated  and  an  energy  of  about  30  MeV  is 
ultimately  required.^  Residual  radioactivities  can  be 
induced  in  target  materials  by  these  intense  beams.  These 
radioactivities  can  be  used  to  diagnose  the  intensity  and 
energy  of  the  incident  beam.^  Also,  for  some  materials  the 
induced  radioactivities  can  pose  a  radiological  hazard. 

Surveys  have  been  carried  out  to  identify 
radioactivities  produced  by  protons  and  deuterons  of  up  to 
10  MeV  (Ref.  4)  and  by  ^Li  beams  of  up  to  15  MeV  (Ref. 
5).  Commonly  used  target  materials:  carbon,  aluminum, 
steel  and  brass  were  considered,  as  well  as  a  titanium- 
aluminum  alloy.  For  protons  and  deuterons,  reactions 
leading  to  the  following  products  were  included:  n,  p,  d,  t, 
^He  and  a.  For  ^Li  beams,  reactions  leading  to  n,  p,  d,  t, 
^He,  a,  ^He  and  ^Li  were  included.  For  each  reaction,  the 
radioactive  residual  nucleus  is  identified  and  its  primary 
decay  mode  is  tabulated.  Long  lived  isotopes  are  not 
included  because  unrealistically  large  ion-beam  fluences 
would  be  required  to  produce  significant  radioactivities. 


For  the  alloy  targets,  only  isotopes  for  which  the  product 
of  the  isotopic  abundance  and  the  alloy  proportion  exceeds 
1%  are  considered  because  these  isotopes  are  expected  to 
be  the  primary  sources  of  radioactivity.  Compositions  of 
the  targets  included  in  these  surveys  are  listed  in  Table  I. 

Measured  cross  sections  for  some  of  these  reactions 
were  found  in  the  published  literature.  The  compilations 
of  McGowan  et  al.  were  used  to  locate  published  sources 
prior  to  1976.  Additional  sources  were  found  in  the 

Table  I.  Composition  of  Target  Materials 


Material 

Elemental 

Abundance 

Isotope 

Isotopic 

Abundance 

Carbon 

100%  c 

'^c 

98.9% 

'^c 

1.1% 

Aluminum 

100%  Al 

^’Al 

100.0% 

Titanium 

90%  Ti 

46x1 

8.0% 

6-4  alloy 

47x1 

7.5% 

48x1 

73.7% 

49x1 

5.5% 

50x1 

5.3% 

6%  Al 

^«A1 

100.0% 

4%  V 

51v 

99.8% 

Stainless 

70%  Fe 

^-•Fe 

5.8% 

Steel  (#304) 

^^Fe 

91.7% 

”Fe 

2.1% 

20%  Cr 

83.4% 

10%  Ni 

’"Ni 

68.3% 

26.1% 

Brass 

67%  Cu 

«Cu 

69.1% 

30.9% 

33%  Zn 

^Zn 

48.9% 

'*Zn 

27.8% 

**Zn 

18.6% 

compilation  of  Keller  et  al?  The  information  service 
DIALOG*  was  used  for  the  period  from  1976  to  1992.  In 
addition.  Physics  Abstracts  was  used  to  supplement  this 
later  period.  No  attempt  was  made  to  incorporate  cross 
sections  from  unpublished  reports. 

Cross  sections  determined  from  residual  radio¬ 
activities,  rather  than  from  prompt  particle  emissions,  are 
the  desired  quantities.  In  many  cases,  excitation  functions 
are  determined  by  measuring  residual  radioactivities 
induced  in  stacked  foils.  For  reactions  where  sufficient 
excitation  functions  are  available,  the  cross  sections  are 
combined  with  known  stopping  cross  sections  to 
determine  thick-target  yields.  Graphs  of  thick-target  yield 
versus  incident  ion  energy  may  be  found  in  Refs.  4  and  5. 
Results  from  these  surveys  are  summarized  in  this  report. 
For  protons  and  deuterons,  some  cross  sections  are  well 
documented  in  the  literature,  while  others  have  substantial 
discrepancies.  For  lithium-7  ions,  there  is  a  real  need  for 
additional  measurements  in  the  energy  range  of  interest. 

II.  PROTON-INDUCED  RADIOACTIVITIES 

For  proton-induced  reactions,  the  radioactivities  are 
produced  primarily  by  (p,n)  reactions.  Threshold  energies 
for  these  reactions  on  the  targets  in  Table  I  are  listed  in 


Table  II  along  with  the  primary  decay  modes  of  the 
residual  nucleus  ((5+  for  positron  decay  and  e  for  electron 
capture).  The  decay  modes,  half  lives,  P-decay  end-point 
energies  (Ep),  and  most  intense  y-ray  energies  (E^)  are 
taken  from  Ref.  10.  The  most  intense  y-decays  are 
identified  from  Ref.  11.  Most  of  these  reactions  are  well 
studied,  and  thick-target  yields  were  evaluated  using 
published  cross  sections.'*  The  thick-target  yields  increase 
rapidly  from  threshold.  At  10  MeV,  the  yields  are  largest 
(»  10'^  reactions/proton)  for  the  ^'V(p,n)  and  *^Cu(p,n) 
reactions.  These  two  reactions  also  have  the  lowest 
threshold  energies. 

Residual  activities  induced  in  each  elemental  target  by 
a  pulse  of  lO'®  protons  at  10  MeV  are  also  listed  in  Table 
II.  These  activities  range  from  several  Curies  to  negligible 
quantities.  The  (p,n)  reactions  on  '*^Ti  and  Fe  are  not 
included  in  Table  II  because  extremely  large  fluences 
would  be  required  to  produce  significant  activities  of  the 
longer  lived  '*^V  (T|/2  =  331  da)  and  ^^Co  (Tj^j  =  271  da) 
isotopes.  A  single  intense  proton  pulse  may  contain  more 
than  10‘^  protons  (30  kA  for  60  ns)  and  produce 
substantial  radioactivity  depending  on  the  target 
composition. 


Table  II.  Radioactivities  from  (p,n)  Reactions 


Reaction 

Threshold 

Residual  Nucleus 

Activity  induced  by 
10*^  protons  at  10  MeV 
(mCuries) 

Energy 

(MeV) 

Decay  Mode 

Half  Life 

Ep 

(MeV) 

(MeV) 

'^C(p,n)"N 

3.25 

p+ 

10  min 

1.20 

0.51 

1.4 

^’Al(p,n)^’Si 

5.8 

4.2  s 

3.8 

0.51 

4500. 

'’Ti(p,n)'’V 

3.8 

p+ 

31  min 

1.90 

0.51 

3.3 

''*Ti(p,n)‘'*V 

4.9 

P+,e 

16.0  da 

0.70 

1.31 

0.054 

’’V(p,n)^'Cr 

1.6 

e 

27.7  da 

- 

0.32 

0.077 

”Cr(p,n)^^"’Mn 

6.0 

21  min 

2.63 

1.434 

42. 

^*Fe(p,n)^^Co 

5.5 

e,  p+ 

78  da 

1.46 

0.847 

4.8  X  10-* 

^'Vli(p,n)“Cu 

7.0 

P+ 

23  min 

3.77 

1.76 

8.0 

®^Cu(p,n)*’Zn 

4.2 

P+ 

38  min 

2.34 

0.51 

39. 

^^Cu(p,n)*^Zn 

2.2 

e 

244  da 

- 

1.115 

0.008 

®'’Zn(p,n)*‘’Ga 

8.0 

p+ 

2.6  min 

6.05 

0.51 

37. 

®^Zn(p,n)^^Ga 

6.05 

P+,  e 

9.5  hr 

4.15 

0.51 

0.71 

**Zn(p,n)**Ga 

3.75 

P+ 

68  min 

1.90 

0.51 

6.9 

III.  DEUTERON-INDUCED  RADIOACTIVITIES 

For  deutefon  induced  reactions,  radioactivities  are 
produced  primarily  by  (d,n),  (d,p)  and  (d,a)  reactions.  The 
(d,a)  yields  are  smaller  than  the  (d,n)  or  (d,p)  yields. 
Thick-target  yields  for  the  (d,n)  and  (d,p)  reactions 
increase  rapidly  with  incident  deuteron  energy  and 
approach  ~  SkIO"^  reactions/deuteron  at  10  MeV.  For  a 
carbon  target,  the  most  prolific  activity,  is  '^N  from  the 
‘^C(d,n)‘^N  reaction.  The  cross  section  and  thick-target 
yield  for  this  reaction  are  well  known.'*  For  an  aluminum 
target,  the  primary  activity  is  A1  from  the  Al(d,p)  A1 
reaction.  Large  differences  in  measured  cross  sections  for 
this  reaction  are  reported,  as  indicated  in  Fig.  1.  A  fit  to 
cross  sections  from  Refs.  12,  13  and  14  is  shown  in  this 
Figure.  Two  more  recent  cross  section  measurements 
are  much  larger  than  this  best  fit.  The  reason  for  the  large 
differences  at  3  MeV  (xl60)  and  at  6,8  MeV  (x4)  )  is  not 
known.  Results  from  Ref  15  (0.6  to  3.2  MeV)  are  based 
on  thick-target  measurements.  In  a  thick  target,  additional 
^^Al  activity  may  be  produced  by  the  ^^Al(n,y)^*Al  reaction 
induced  by  neutrons  from  the  ^^AI(d,n)  reaction  in  the 
same  target.  This  process  may  account  for  the  large  cross 
sections  in  Refs.  15  and  16.  This  process  was  shown  to  be 
negligible  for  the  measurements  in  Ref  14.  Further 
measurements  are  needed  to  provide  reliable  cross  sections 
for  this  reaction. 

For  the  alloy  targets,  a  specific  radioactivity  may  be 
produced  by  several  different  deuteron  induced  reactions. 


Incident  Deuteron  Energy  (MeV) 


Fig.  I.  Measured  cross  sections  for  ^^Al(d,p)^^Al  reaction. 
The  fit  is  for  cross  sections  from  Refs.  12,  13  and  14. 


Therefore,  it  is  difficult  to  associate  a  measured 
radioactivity  with  one  nuclear  reaction.  Consequently, 
only  a  limited  number  of  cross  sections  have  been 
measured  for  these  elements.  Excitation  functions, 
generated  by  piecing  together  cross  sections  from  several 
different  sources,  were  used  to  evaluate  thick-target  yields 
for  deuteron  induced  activities  in  the  alloy  targets.'*  Yields 
from  2  to  10  MeV  were  calculated  for  the  following 
activities  and  targets:  ^^Mn,  and  ^^"'Mn  for  chromium; 
^'^Mn,  ^^Co  and  ^’Co  for  iron;  ^^Co,  ^^Co,  ^^Cu  and  ^*Cu 
for  nickel;  ^Cu,  ^^Cu,  ^^Zn  and  ^^Zn  for  copper;  and  ^"^Zn, 
^^Zn,  ^^Zn,  ^^Zn,  ^^Ga  and  ^^Ga  for  zinc.  These  yields  for 
elemental  targets  may  be  proportioned  appropriately  for 
different  alloy  targets. 

IV.  LITHIUM-INDUCED  RADIOACTIVITIES 

The  survey^  of  ^Li  induced  radioactivities  includes 
only  positive  Q-value  reactions.  The  (^Li,n),  (^Li,p)  and 
(^Li,a)  reactions  have  Q-values  ranging  from  5  to  17  MeV 
and  are  likely  sources  of  residual  activities.  Cross  sections 
or  thick-target  yields  for  these  reactions  leading  to  residual 
activities  have  been  reported  only  for  the  *^C(^Li,n)*^F 
reaction. No  measurements  for  reactions  leading  to 
residual  activities  were  found  for  other  targets  in  Table  I. 
Measurements  of  other  lithium  induced  reactions  on  low- 
atomic-number  targets  indicate  that  the  yields  of  these 
reactions  increase  rapidly  with  incident  energy  until  the 
energy  becomes  comparable  with  the  Coulomb  barrier. 
For  carbon  and  aluminum,  thick-target  yields  of  up  to  10‘^ 
reactions/^Li  are  estimated,  and  somewhat  lower  yields  are 
estimated  the  higher-atomic-number  targets.^ 

V.  SUMMARY 

Activities  from  these  surveys  are  compared  with 
measurements*^  of  radioactivities  induced  in  various 
targets  by  6-  and  12-MeV  protons,  by  6-MeV  deuterons, 
and  by  10-,  15-,  20-  and  30-MeV  ’Li  ions.  Composite  half 
lives  (min  to  hr)  of  activities  in  each  target  were  determin¬ 
ed  to  evaluate  the  radiological  hazard  from  these  intense 
pulsed  beams.  In  addition,  some  long  lived  activities  were 
identified  using  high  resolution  y-ray  spectroscopy.  The 
composite  half  lives  and  activities  from  the  proton  and 
deuteron  reactions  are  consistent  with  expectations  from 
these  surveys.  For  ’Li  ions,  no  activation  of  aluminum, 
stainless  steel  or  brass  was  detectable  for  energies  less  than 
20  MeV;  however,  these  activities  were  observed  to 
increase  rapidly  from  20  to  30  MeV,  particularly  for 
stainless  steel  and  brass.  These  results  are  consistent  with 
inhibition  of  the  ’Li  induced  reactions  by  Coulomb  barrier 
penetration  for  ’Li  energies  below  20  MeV. 


It  is  difficult  to  diagnose  intense  pulsed  ion  beams.' 
However,  measurements  of  residual  nuclear  activations 
have  been  used  quite  successfully  for  few  MeV  proton  and 
deuteron  beams.^  Appropriate  nuclear  reactions  are 
chosen  to  provide  high  sensitivity  and  to  avoid  interfering 
reactions.  As  intense  pulsed  beams  of  higher  energy  and 
different  species  (e.g.,  lithium,  boron)  are  developed, 
different  nuclear  reactions  must  be  selected  to  diagnose 
such  beams.  Unfortunately,  the  present  nuclear  reaction 
data  base  is  insufficient  to  guide  the  experimentalist  in 
selecting  appropriate  reactions  and  targets  for  beams  of 
higher  energy  and  different  species.  For  protons,  (p,n) 
reactions  are  attractive  because  they  are  reasonably  well 
characterized,  and  their  yields  are  sensitive  to  the  incident 
proton  energy.  For  deuterons,  the  nuclear  reaction  data 
base  is  limited,^  and  large  discrepancies  are  reported  for 
some  reactions  (see  Fig.  1  and  Ref.  20).  For  lithium 
beams’  almost  no  activation  measurements  have  been 
reported  in  the  energy  range  of  interest.  Measurements  of 
excitation  functions  and  cross  sections  or  thick-target 
yields  for  a  variety  of  nuclear  reactions  will  be  required  in 
order  to  extend  the  nuclear-activation  technique  as  a 
diagnostic  for  higher-energy  intense  light-ion  beams. 
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High-power  pulsed  ion  beams  have  been  used  to  ablate  material  for  ultrahigh-rate  film  deposition 
and  to  treat  the  surfaces  of  alloys.  Pulsed  ion  beams  were  provided  by  the  high-power-density 
Gamble  II  facility  at  the  Naval  Research  Laboratory  [high  voltage  (^^900  keV),  short  pulse  (60  ns)] 
and  the  lower-power-density  Anaconda  facility  at  Los  Alamos  National  Laboratory  [lower  voltage 
(~300  keV),  longer  pulse  (400  ns)].  Peak  film  deposition  rates  after  target  ablation  reached  1  mm/s. 

Films  of  pure  Al,  pure  Ta,  YBCO,  and  Ni-Zn  ferrite  were  deposited  on  glass  and  single-crystal 
substrates,  in  some  cases  heated.  The  film  deposition  process  was  studied  with  framing  photography, 
a  bolometer,  and  other  diagnostics  to  gain  an  understanding  of  the  ablation,  transport,  and  deposition 
steps.  Stoichiometric  deposition  of  multicomponent  targets  has  been  demonstrated.  Film 
morphology  remains  poor,  but  has  steadily  improved,  and  our  present  understanding  points  the  way 
to  further  improvement.  Lower  fluences  (~5  J/cm^)  were  used  to  investigate  rapid  thermal 
processing  of  metal  surfaces  for  the  enhancement  of  corrosion  resistance.  The  results  in  this  area 
have  been  negative,  but  here  again  the  knowledge  gained  through  these  experiments  allows  us  to 
propose  directions  for  improvement.  ©  7995  American  Vacuum  Society. 


\.  INTRODUCTION 

Over  the  past  decade,  interest  has  grown  in  the  use  of 
high-power,  pulsed  light-ion  beams  for  intense  heating  of 
surfaces.  High-power  heating  will  vaporize  and  ablate  mate¬ 
rial  for  physical  deposition,  while  lower  power  heating  can 
directly  modify  the  surface  properties  of  materials.  Various 
factors  make  these  applications  of  pulsed  light-ion  beams 
attractive  for  development. 

Technology  for  ion-beam  production  continues  to  ad¬ 
vance,  with  clean,  intense,  repetition-rated  sources  already  in 
operation.*  Ion-beam  production  is  more  energy  efficient 
than  laser-beam  production,  and  the  efficiency  of  ion-beam 
energy  deposition  in  the  target  (which  is  100%)  can  be  orders 
of  magnitude  higher  than  that  of  laser-beam  energy  deposi¬ 
tion;  ions  also  penetrate  both  plasmas  and  metal  targets. 
Hundreds  of  square  centimeters  can  be  irradiated  per  pulse, 
allowing  for  quick  coating  or  modification  of  large  areas. 

High  beam  fluences  (~100  J/cm^)  from  short  pulses 
(~100  ns)  combined  with  the  relatively  deep  penetration  of 
energetic  ions  (-^10  fim  for  1  MeV  H'*')  can  lead  to  peak 
rates  of  ablation  and  associated  deposition  of  a  few  centime¬ 
ters  per  second.  Many  of  the  operational  advantages  of 
pulsed  laser  deposition^  (PLD)  apply  (e.g.,  stoichiometric 
transfer  of  target  material  to  the  substrate;  deposition  in  high- 
pressure,  reactive  ambients;  energetic  flux),  and  these  are 
supplemented  with  a  lO'^-times  increase  in  deposited  thick¬ 
ness  per  beam  pulse.  This  opens  the  possibility  for  quick 
deposition  of  thick  multicomponent  films  over  large  areas. 
This  technique  has  been  demonstrated  by  production  of 
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metal  films  and  films  of  electronic  and  tribological 
interest.^"^ 

Lower  beam  fluences  that  do  not  vaporize  the  target  can 
be  used  to  directly  modify  the  target’s  near-surface  proper¬ 
ties.  Typical  ion-beam  energy  distributions  lead  to  relatively 
uniform  energy  deposition  over  a  depth  of  a  few  microns. 
The  short  pulse  duration  allows  rapid  heating  and  cooling  of 
the  surface  layer  (^10^  K/s)  with  weak  subsurface  heating. 
The  near-surface  region  can  thus  be  selectively  modified  by  a 
combination  of  annealing/quenching  and  thermal 
compression/shock,  leading  to  dissolution  of  suspended  par¬ 
ticulates,  and/or  metastable  alloy  creation.  (Although  ion  im¬ 
plantation  also  occurs,  in  the  pulsed  high-energy  ion  regime 
the  implanted  ion  concentration  is  usually  negligible.)  As 
with  film  deposition,  this  can  be  accomplished  quickly  over  a 
large  target  area.  Previous  experiments  have  shown  that 
pulsed-ion-beam  treatments  can  harden  and  polish  steel  and 
titanium  alloy  surfaces  and  extend  the  fatigue  limit  of  turbine 
blade  alloys. 

We  report  here  investigations  of  pulsed-ion-beam  evapo¬ 
ration  (PIBE),  film  deposition,  and  direct  modification  that 
were  performed  at  two  different  ion-beam  facilities:  Gamble 
II  at  the  Naval  Research  Laboratory,  and  Anaconda  at  Los 
Alamos  National  Laboratory.  Single-component  targets  (Al, 
Ta)  were  used  to  characterize  the  effects  of  deposition  pa¬ 
rameters  on  film  production,  while  Ni-Zn  ferrite  and  YBCO 
were  used  as  test  targets  for  multicompo^ient  deposition  stud¬ 
ies.  Steel  and  coated  Al  samples  were  used  to  test  the  effects 
of  direct  irradiation. 

II.  PULSED-ION-BEAM  SYSTEMS  USED 

The  relevant  operational  parameters  for  the  pulsed-ion- 
beam  systems  used  in  these  experiments  are  shown  in 
Table  I.  The  bulk  of  this  work  utilized  the  Gamble  n  pulse 
power  generation  facility  at  the  Naval  Research  Laboratory.® 
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Table  I.  Operational  parameters  for  pulsed-ion-beam  systems  used. 


Parameter 

Gamble  II 

Anaconda 

Marx  bank 

72  stages 

10  stages 

Pulse  forming  line 

Yes 

No 

Maximum  output 

267  W  at  1.2  MV 

300  kJ  at  1.2  MV 

Pulse  rise  time 

30  ns 

100  ns 

Pulse  full  width  at  half 

60  ns 

400  ns 

maximum 

Maximum  power 

5TW 

400  GW 

Power  into  diode  in  these 

I  TW 

9  GW 

experiments 

Diode  voltage  and  current 

-900  kV,  500  kA 

200-400  kV,  30  kA 

Beam  composition 

90%  10% 

PIBE 

20%  H'^,  42%  C*/C^* 
38%  0^/0^^ 

Beam-target  angle  and 

45°,  22  cm^ 

30°,  28  cm^ 

beam  area  on  target 

Fluence  at  target,  normal 

40-60  J/cm^ 

30±15  J/cm^ 

to  beam 

Current  density  at  target, 
normal  to  beam 

640-960  A/cm^ 

250  A/cm^ 

Power  density  at  target, 

570-860  MW/cm^ 

75±37  MW/cm^ 

normal  to  beam 

Direct  modification 

Fluence  at  target,  normal 
to  beam 

2-10  J/cm^ 

A  backless  pinch-reflex  ion  diode  was  used  in  this  system.^ 
The  flat,  circular  anode  was  a  12  cm  diameter,  13  /rm  thick 
polyethylene  sheet,  which  had  to  be  replaced  after  each  beam 
pulse.  The  target  chamber  pressure  varied  between  10  ^  and 
3  Torr  of  air  or  Ar  before  the  beam  pulse;  pressure  after  the 


beam  pulse  was  not  measured.  Beam  fluence  on  target  de¬ 
creased  with  both  distance  from  the  anode  plane  and  distance 
from  the  anode  centerline. 

Additional  film  deposition  experiments  were  carried  out 
at  the  Anaconda  intense  ion  beam  accelerator  at  Los  Alamos 
National  Laboratory.'®-"  An  extraction-geometry,  applied-S 
field,  magnetically  insulated  ion  diode  was  used  on 
Anaconda.''  It  employed  an  annular  dielectric  flashover  an¬ 
ode  (194  mm  i.d.,  292  mm  o.d.,  6.4  mm  thick)  made  of 
Lucite.  This  diode  was  repetition-rated  for  12  pulses/h,  with 
cleaning  necessary  after  approximately  20  beam  pulses.  A 
target  chamber  pressure  of  10~^  Torr  was  required  before  the 
beam  pulse,  and  this  rose  to  0.1  Torr  immediately  after  each 
beam  pulse. 

III.  FILM  DEPOSITION 
A.  Gamble  II  experiments 

A  schematic  of  the  setup  for  PIBE  experiments  is  shown 
in  Fig.  1.  Only  the  central  region  of  the  ion  beam  was  se¬ 
lected  with  a  2.2  cm  diameter  circular  aperture.  The  diode- 
target  distance  was  varied  during  initial  experiments  from  3 1 
to  65  cm.  At  the  low  end  of  this  range  the  ablation  of  the 
aperture  plate  was  deemed  deleterious,  while  at  the  high  end 
fluence  on  the  target  was  too  low  for  significant  film  deposi¬ 
tion.  A  diode-target  distance  of  41  cm  was  used  in  all  ex¬ 
periments  referenced  here.  The  target  and  substrate  were  par¬ 
allel,  and  the  target-substrate  distance  was  10  cm.  Substrates 
were  mainly  glass  slides  at  room  temperature,  with  a  few 
experiments  including  single-crystal  substrates  (MgO,  Si)  at 
room  temperature  and  elevated  temperatures. 

Four  different  materials  were  used  as  targets  in  this  work. 
A1  and  Ta  foils  of  various  thicknesses  (ranging  from  2  to 
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fig.  1.  Schematic  arrangement  for  pulsed  ion  beam  evaporation  and  film  deposition  using  the  Gamble  U  pulse  power  generator.  (For  a  scale  diagram  of  the 
similar  arrangement  using  the  Anaconda  facility,  see  Ref.  4.) 
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25  ^m)  were  used  as  simple  test  materials  to  examine  the 
effects  of  varying  the  beam  conditions,  deposition  geometry, 
target  thickness,  and  ambient  conditions.  The  target  thickness 
was  important  because  MeV  protons  have  a  range  of 
15  /xm  in  Al  and  6  /xm  in  Ta,  so  the  ion  range  could  exceed 
the  target  thickness  in  some  cases.  Energy  deposition  was 
roughly  uniform  throughout  the  thinner  targets,  while  the 
effects  of  the  finite  proton  range  could  be  judged  using  the 
thicker  targets.  Thick  YBCO  (YiBa2Cu306  9)  and  Ni-Zn  fer¬ 
rite  (Nio.75ZnQ  25Fe204)  targets  were  used  to  evaluate  the  pos¬ 
sibility  of  stoichiometric  deposition,  again  with  variation  of 
deposition  conditions. 

The  diode  voltage  and  current  were  used  to  determine  the 
ion  energy  distribution  in  the  beam.  For  normal  beam  pulses 
this  distribution  consisted  of  a  strong  peak  around  900  keV 
(proton  energy)  superimposed  on  a  significant  decaying  dis¬ 
tribution  starting  at  the  lowest  ion  energies.  Fluence  on  target 
was  determined  either  by  measuring  the  postexposure  activ¬ 
ity  of  C  targets  mounted  on  the  aperture  plate,  or  with  a 
p-i-n  diode  detector  mounted  near  the  substrate,  which  de¬ 
tected  the  intensity  of  ions  backscattered  from  the  target,  (It 
should  be  noted  that  effective  use  of  either  of  these  tech¬ 
niques  requires  a  knowledge  of  the  energy  distribution  in  the 
incoming  beam.)  Because  the  diode-target  distance  was 
fixed  at  41  cm  for  these  experiments,  typical  beam  condi¬ 
tions  led  to  fiuences  normal  to  the  beam  axis  at  the  target 
position  of  40-60  J/cm^,  or  28-42  J/cm^  when  corrected  for 
the  45°  tilt  of  the  target  with  respect  to  the  incoming  beam. 

In  some  experiments  using  Al  and  Ni-Zn  ferrite  targets, 
the  firing  of  the  beam  pulse  activated  a  framing  camera 
which  was  aimed  at  the  target  and  substrate,  perpendicular  to 
the  incoming  beam  (see  Fig.  2).  Eight  frames  were  recorded 
in  each  photograph,  with  each  frame  separated  by  1  /xs.  Lu¬ 
minous  plumes  traveling  from  the  target  to  the  substrate  are 
clearly  visible.  A  bright  plume  emanating  from  the  beam 
aperture  is  also  visible,  and  it  is  possible  that  the  interaction 
of  the  target  and  aperture  plumes  had  some  effect  on  the 
deposition  process.  However,  x-ray  microanalysis  of  the 
films  showed  no  measurable  quantities  of  iron  from  the  steel 
aperture  plate. 

In  all  framing  photographs  at  least  two  luminous  fronts 
are  visible.  The  first,  brighter,  faster-moving  front  was  ob¬ 
served  to  be  turbulent  for  thin  foil  targets  (1.8  and  6  pm  Al) 
but  smooth  and  symmetrical  for  thick  targets  (solid  Al  and 
ferrite).  The  speeds  for  these  first  fronts  were  found  to  be  in 
the  range  (5.6- 10.2) X 10^  m/s,  with  the  particular  speed  ap¬ 
parently  far  more  dependent  on  the  beam  pulse  conditions 
that  the  target  material.  In  some  cases  this  leading  front  was 
photographed  contacting  the  substrate,  and  in  all  cases  this 
contact  produced  an  extremely  bright  flash,  possibly  due  to 
excitation  of  material  adsorbed  on  the  substrate  as  well  as  the 
substrate  itself.  The  second  dimmer  and  broader  plume  was 
in  all  cases  smooth  and  symmetrical,  with  speeds  of 
,(2.3-5.2)X10^  m/s,  again  uncorrelated  with  the  target  mate¬ 
rial. 

An  8  pm  thick  W  strip  was  positioned  next  to  the  sub¬ 
strate  as  a  bolometric  temperature  sensor.  Electronic  noise 
obscured  the  output  signal  for  approximately  10  ps  after  the 
beam  pulse,  but  beyond  this  time  the  signal  provided  a  re- 
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Fig.  2.  (a)  Target  and  substrate  positions  in  framing  photographs,  (b)  Rep¬ 
resentative  series  of  framing  photographs,  separated  by  I  fxs  intervals,  be¬ 
ginning  approximately  6  /as  after  the  ion-beam  impact  on  a  thick  Al  plate 
10  cm  from  a  glass  substrate.  Two  ablation  plumes  are  clearly  visible;  a  fast 
front  (u  =  8.8X10^  m/s)  and  a  slower,  dimmer  extended  cloud  {v 
=5.2X10  m/s).  (The  bright  plume  on  the  right  is  from  ablation  of  the 
admitting  aperture.)  Contact  of  the  fast  front  to  the  substrate  and  its  mount¬ 
ing  produced  an  intense,  sustained  flash. 

producible  measure  of  bolometer  heating  by  arriving  mate¬ 
rial.  Temperature  equilibration  through  the  bolometer  after  a 
heat  pulse  at  the  surface  was  calculated  to  occur  in  <1  ytts. 

The  increase  in  bolometer  temperature  over  time  was 
qualitatively  similar  for  different  materials  (see  Fig.  3).  The 
temperature  rose  rapidly  over  about  10  /xs,  then  stabilized  or 
cooled  slightly  for  5-10  /xs,  then  rose  again.  In  experiments 
utilizing  thinner  1.8  pm  thick  Al  targets,  bolometer  heating 
ceased  approximately  30  ps  after  the  beam  pulse.  When 
thick  targets  were  used  the  bolometer  temperature  was  still 
rising  when  the  data  collection  limit  was  reached  at  60  /xs. 
The  two  heating  regimes  observed  correspond  to  the  fast  and 
slow  plumes  seen  in  the  framing  photographs.  The  long-time 
heating  seen  with  thick  targets  can  be  attributed  to  slow, 
relatively  cool  material  ejected  from  the  target  surface  by 
some  secondary  process  related  to  the  underlying  substrate. 
(Perhaps  ablation-generated  shock  waves  splashed  liquid 
droplets  from  the  surface.)  The  target  material  also  affected 
the  bolometer  response;  thick  Al  targets  led  to  stronger  heat¬ 
ing  than  thick  ferrite  targets.  This  could  be  due  to  hotter 
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Fig.  3.  Typical  bolometer  response  to  a  plume  arriving  after  a  beam  pulse: 
thick  Ni-Zn  ferrite  target  10  cm  from  the  substrate/bolometer  mounting. 

plumes,  greater  thermal  mass  arriving,  better  sticking  of  the 
A1  to  the  bolometer,  or  a  combination  of  these  effects. 

An  estimate  of  the  average  temperature  of  incoming  A1 
can  be  made  by  assuming  that  most  of  the  material  arrives 
within  60  /xs.  For  a  particular  deposition  the  change  in  bo¬ 
lometer  temperature  from  room  temperature  was  measured  to 
be  605  K  at  60  /js.  Subsequently  the  average  film  thickness 
was  determined  to  be  ---I  /tm  with  profilometry.  Taking  into 
account  the  thermal  masses  of  the  W  bolometer  and  A1  film, 
the  average  temperature  of  the  incoming  A1  was  calculated  to 
be  1223  °C,  within  the  liquid  temperature  range.  It  must  be 
emphasized  that  this  is  merely  an  average;  structure  in  the 
bolometer  signal  and  other  diagnostics  indicate  that  small 
amounts  of  very  hot  vapor  arrive  at  the  beginning  of  the 
deposition  process,  followed  by  progressively  cooler  mate¬ 
rial  as  the  process  proceeds. 

Both  the  framing  photograph  and  bolometer  results  indi¬ 
cate  that  the  deposition  process  involves  two  or  more  fronts 
of  material  arriving  over  relatively  long  (100  jlls)  periods.  To 
resolve  the  interaction  of  these  different  fronts  with  the  sub¬ 
strate,  a  disk  (11  cm  diameter)  with  small  apertures  (1  mm 
diameter  circles)  located  at  various  radii,  rotating  at  25  000 
rpm,  was  introduced  between  the  target  and  substrate.  Arriv¬ 
ing  material  was  deposited  in  streaks,  with  a  time  resolution 
of  —10  /iS,  so  film  properties  as  a  function  of  arrival  time 
could  be  judged  (see  Fig.  4). 

Results  using  the  spinning  disk  with  different  target  ma¬ 
terials  were  qualitatively  similar,  but  the  effect  of  target 
thickness  was  pronounced.  The  deposition  from  1.8  /xm  A1 
targets  was  confined  to  a  —20  /ts  span.  The  bulk  of  the 
deposition  from  all  thick  targets  took  place  over  40  /xs,  but  a 
thin  tail  stretched  to  -100  /xs  beyond  the  earliest  arriving 
material.  (The  time  from  the  beam  pulse  to  earliest  deposi¬ 
tion  of  material  was  not  conclusively  determined,  but  inspec¬ 
tion  of  the  framing  photographs  suggests  this  occurred  when 
the  slower  plume  contacted  the  substrate,  —  20  /xs  after  the 
beam  pulse.)  The  earliest  arriving  material  produced  films 
that  were  rough  on  a  I  /xm  scale.  Later  amving  material 
produced  progressively  rougher  films,  with  films  deposited 
beyond  40  /xs  composed  almost  exclusively  of  >10  /xm 
droplets.  Films  due  to  the  earliest  arriving  material  were  of¬ 


(b) 


Fig.  4.  (a)  Schematic  arrangement  for  spinning  aperture  disk  experiments, 
(b)  Example  of  deposition  through  spinning  aperture:  thick  Al  target  10  cm 
from  disk/substrate.  Several  overlapping  fronts  are  visible.  The  first  material 
arrives  —20  ^ts  after  the  beam  pulse.  Most  material  arrives  over  21  /xs  (time 
interval  between  crosses),  but  an  increasingly  rough,  weak  tail  extends  for 
—  100  /xs. 


ten  thin  and  cracked;  these  features  suggest  strong  substrate 
heating  and  possible  film  evaporation. 

All  films  deposited  using  PIBE  were  examined  under  op¬ 
tical  or  scanning  electron  microscopy  [examples  for  Gamble 
II  are  shown  in  Figs.  5(a)  and  5(b)].  Films  ranged  from 
smooth  but  grainy  (1  /xm  scale  features)  to  extremely  rough 
(>100  /xm  scale  features),  depending  mainly  on  target  thick¬ 
ness  and  beam  fiuence.  The  smoothest  films  from  Gamble  II 
were  produced  using  the  thinnest  targets  (e.g.,  1.8  /xm  Al), 
with  the  structure  in  these  films  seemingly  due  to  surface 
tension  effects  (perhaps  from  a  liquid  film  not  wetting  the 
substrate).  The  roughest  films  were  produced  from  high- 
fluence  pulses  incident  on  thick  targets.  The  roughest  films 
were  also  the  thickest  and  were  composed  of  very  large  drop¬ 
lets  that  apparently  were  splashed  out  of  the  target,  remelting 
the  film  from  earlier  arriving  material.  Film  morphologies 
varied  over  the  large  (—50  cm^)  deposition  area,  indicating 
inhomogeneity  in  the  arriving  plume. 

Surface  profilometry  confirmed  both  the  thickness  and 
roughness  of  the  deposited  films.  Films  ranged  from  0,5  to 
1.5  /xm  in  average  thickness,  depending  upon  target  and 
beam  fiuence  conditions.  Film  roughness  was  typically 
±0.5  /xm. 

For  one  series  of  experiments  a  pulsed  gas  valve  was 
installed  in  the  sample  chamber,  to  determine  how  high  am- 
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Fig.  5.  Representative  film  morphologies;  note  the  differences  in  magnifi¬ 
cation  scales,  (a)  Gamble  II,  1.8  /i,m  thick  Al  target,  glass  slide  substrate 
(bar=20  ^m);  (b)  Gamble  II,  thick  Al  target,  glass  slide  substrate  (bar 
=20  /im);  (c)  Anaconda,  thick  Al  target.  Si  substrate,  ten  pulses  (bar 
=  1  /z-m);  (d)  Anaconda,  thick  Ni-Zn  ferrite  target,  Si  substrate,  single  pulse 
(annular  droplets  on  smooth  film;  bar=l  /zm). 

bient  pressures  affect  the  thermal  and  transport  properties  of 
the  ablated  plume.  This  valve  was  opened  simultaneously 
with  the  beam  pulse,  and  provided  a  maximum  pressure  of 
500  Ton  N2  for  5  ms  between  the  target  and  substrate.  This 
high  gas  pressure  clearly  blocked  material  transport,  leaving 
film-free  regions  on  the  substrate  surface  nearest  the  gas 
valve.  Similarly,  framing  photographs  showed  a  large  distor¬ 
tion  of  the  ablated  plume  fronts.  However,  no  systematic 
effects  on  film  composition  or  morphology  were  observed. 
These  results  suggest  that  the  interaction  of  the  high-pressure 
ambient  and  high-density  ablation  plume  are  better  treated  as 
the  interaction  of  two  continuum  fluids,  rather  than  as  the 
mixing  of  microscopic  particles. 

While  film  morphologies  were  generally  poor,  stoichio¬ 
metric  deposition  of  both  YBCO  and  Ni-Zn  ferrite  was  dem¬ 
onstrated.  Films  of  both  materials  were  examined  using  x-ray 
microanalysis  and  Rutherford  backscattering.  These  mea¬ 
surements  confirmed  that  the  metal  stoichiometric  ratios 
were  the  same  within  measurement  uncertainty  as  those  of 
the  target.  X-ray  diffraction  measurements  of  YBCO  films 
deposited  on  glass  at  room  temperature  showed  no  diffrac¬ 
tion  peaks,  while  similar  measurements  of  Ni-Zn  ferrite 
films  led  to  weak  peaks  indicating  a  polycrystalline  meta¬ 
stable  phase.  YBCO  deposited  on  MgO  at  elevated  substrate 
temperatures  (>500  °C)  was  poly  crystallite  with  some  evi¬ 
dence  for  phase  separation.  Ni-Zn  ferrite  deposited  on  MgO 
at  similar  temperatures  was  found  to  be  in  the  ferrite  phase 


and  polycrystalline,  with  a  weak  preferred  orientation  in  the 
[111]  direction. 

In  general  PIBE  using  Gamble  II  produced  thick,  sto¬ 
ichiometric  films  over  a  large  area.  The  morphologies  of 
these  films  were  generally  poor,  but  films  produced  using 
thin  targets  were  much  smoother  than  films  produced  with 
thick  targets.  Also,  smoother  films  were  observed  as  the  re¬ 
sult  of  early-arriving,  hot  material,  while  late-arriving  mate¬ 
rial  was  predominantly  in  the  form  of  liquid  droplets.  This 
late-arriving  material  is  thought  to  be  liquid  on  the  surface  of 
the  target  that  was  ejected  by  the  ablation  shock,  rather  than 
liquid  condensed  out  of  the  ablation  plume.  These  results 
suggest  that  film  morphology  could  be  improved  by  reducing 
the  amount  of  low-temperature  material  in  the  plume.  One 
approach  to  this  problem  would  be  to  increase  the  fluence  on 
target  by  a  factor  of  two  or  more;  this  was  precluded  in  the 
present  experiments  by  the  necessity  of  the  aperture  plate. 
Another  approach  would  be  to  use  heavier  ions  (e.g.,  Ne*^)  at 
fluences  similar  to  those  in  our  experiments.  The  shallower 
penetration  of  these  ions  would  heat  less  material,  but  the 
heated  material  would  be  vaporized  rather  than  liquefied. 

B.  Anaconda  experiments 

The  deposition  arrangement  using  the  Anaconda  facility 
was  similar  to  that  using  Gamble  II,  The  annular  beam  from 
Anaconda  was  focused  to  a  spot  on  the  target,  so  no  aperture 
was  necessary.  (A  scale  diagram  of  the  diode-target- 
substrate  geometry  can  be  found  in  Ref.  4.)  The  target- 
substrate  distance  was  8  cm.  Glass  slides  and  single-crystal 
substrates  (MgO,  SrTi03,  Si,  and  Y-stabilized  Zr02)  at  room 
temperature  and  at  elevated  temperatures  were  used  as  sub¬ 
strates,  and  thick  Al  and  Ni-Zn  ferrite  plates  were  used  as 
targets.  The  30°  inclination  of  the  target  with  respect  to  the 
beam  reduced  the  fluence  on  target  to  15 ±8  J/cm^.  This 
lower  fluence  coupled  with  the  lower  beam  energy  of  Ana¬ 
conda  led  to  much  less  target  ablation  per  beam  pulse  than 
with  Gamble  II,  so  multiple  pulses  were  necessary  to  pro¬ 
duce  films  with  thicknesses  >106'’nm. 

The  investigations  using  Anaconda  concentrated  on  analy¬ 
sis  of  deposited  films.  Films  produced  with  single  pulses 
were  all  much  thinner  than  comparable  films  from  Gamble 
n,  as  less  material  was  ablated  by  the  higher-mass, 
shallower-penetrating  ion  beam.  Al  films  deposited  onto 
glass  at  room  temperature  were  much  smoother  than  Al  films 
produced  with  Gamble  11;  100  nm  grains  could  only  be  re¬ 
solved  using  high-resolution  scanning  electron  microscopy, 
and  these  were  part  of  uniform  and  relatively  thin  (100  nm) 
film.  Results  with  Ni-Zn  ferrite  targets  were  similar,  with  the 
addition  of  larger  annular  droplets  on  top  of  the  very  thin 
(few  nm)  uniform  film.  Multiple  depositions  on  the  same 
substrate  led  to  increasing  film  roughness  as  droplet  concen¬ 
tration  increased. 

Ni-Zn  ferrite  was  deposited  on  single-crystal  substrates 
held  at  room  temperature,  500,  600,  and  700  °C,  in  an  at¬ 
tempt  to  produce  oriented  crystalline  films.  However,  x-ray 
diffraction  revealed  no  crystalline  material  in  any  of  these 
films.  While  elevated  substrate  temperature  should  have  been 
beneficial  for  crystallization,  it  may  also  have  depleted  oxy- 
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gen  from  the  films  as  they  were  held  at  temperature  in 
vacuum. 

These  limited  results  from  Anaconda  are  an  interesting 
contrast  to  those  with  Gamble  II,  in  that  much  smoother  but 
much  thinner  films  were  produced.  Heavier  beam  ions  at 
lower  energies,  which  provide  higher  specific  energy  deposi¬ 
tion,  clearly  lead  to  smoother  films  under  comparable  fluence 
conditions,  but  at  the  expense  of  film  thickness.  This  again 
suggests  that  beams  with  comparable  fluence  and  energy, 
made  up  exclusively  of  heavier  (e.g.,  Ne'^)  ions,  would  be 
optimal  for  PIBE.  Such  a  beam  would  suppress  the  weak, 
deep  heating  of  the  target,  which  apparently  produces  liquid 
droplets,  while  vaporizing  the  target  surface. 

IV.  DIRECT  MODIFICATION 

Some  initial  tests  of  direct  surface  modification  by  pulsed 
ion  beams  were  performed  using  Gamble  11.  Stainless  steel 
(303  alloy)  disks  and  aluminum  (6061  alloy)  disks  coated 
with  Cr  on  Zr  (thickness  30  or  100  nm),  all  with  faces  pol¬ 
ished  to  a  1  /rm  finish,  were  directly  exposed  to  the  beam. 
The  targets  were  mounted  on  the  front  of  the  aperture  plate 
used  in  the  PIBE  experiments,  and  this  plate  was  moved 
back  from  the  diode  (95-160  cm)  to  reduce  the  fluence  at  the 
targets’  surfaces.  The  sample  chamber  was  also  filled  with 
3  Tort  Ar  to  eliminate  ions  and  their  associated  high 
specific  energy  deposition. 

The  results  of  experiments  with  all  target  systems  were 
qualitatively  similar.  Microscopic  analysis  of  each  sample 
surface  combined  with  fluence  measurements  indicated  a 
critical  fluence  existed  for  each  of  the  systems  (4.5  J/crn  for 
stainless  steel,  3.4  J/cm^  for  Cr/Al,  and  <3.3  J/cm  for 
Zr/Al)  below  which  the  surface  was  not  melted,  and  above 
which  the  surface  was  strongly  roughened.  No  smoothing  of 
small  surface  features  was  observed  on  the  stainless  steel 
samples  exposed  to  subcritical  fluences,  indicating  that  no 
appreciable  surface  melting  occurs  below  the  roughening 
threshold.  Below  the  critical  fluence  no  mixing  of  the  Cr  or 
Zr  into  the  Al  was  observed,  and  above  the  critical  fluence 
the  coatings  were  completely  removed. 

V.  CONCLUSIONS 

Pulsed-ion-beam  evaporation  and  film  deposition  has 
been  demonstrated  with  two  different  pulsed-ion-beam  sys¬ 
tems.  The  films  produced  have  been  thick,  with  the  proper 
metal  stoichiometries,  but  with  relatively  poor  morphologies. 
These  poor  morphologies  are  attributed  to  slow-moving  liq¬ 
uid  droplets  ejected  from  the  target  probably  by  the  ablation 
shock.  Complete  vaporization  of  the  heated  surface  region 
through  greater  energy  deposition  per  unit  volume  should 


minimize  liquid  production  and  increase  film  quality;  this 
conclusion  is  bom  out  in  the  successful  results  of  experi¬ 
ments  operating  in  this  regime.^’^  Use  of  heavier  ion  beams 
of  comparable  energies  and  fluences  as  those  used  in  these 
experiments  could  minimize  liquid  droplet  production,  and 
such  beams  should  be  available  from  gas  ion  diodes  cur¬ 
rently  under  development. 

Initial  tests  of  direct  surface  modification  with  pulsed  ion 
beams  from  Gamble  II  have  been  disappointing.  When  beam 
fluences  sufficient  to  melt  target  surfaces  were  used,  both 
stainless  steel  and  coated  Al  were  strongly  roughened,  and 
Cr  and  Zr  coatings  on  the  Al  targets  were  removed  rather 
than  intermixed.  These  results  may  come  from  the  explosive 
removal  of  dissolved  gases  or  from  the  large  thermal  and 
mechanical  stresses  that  result  from  exposure.  Possible  rem¬ 
edies  from  these  problems  include  use  of  heavier  ions  in  the 
beam  (to  decrease  penetration  depth  and  decrease  subsurface 
heating)  and  multiple  beam  pulses  (for  smoothing  after  dis¬ 
solved  gases  are  removed). 
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The  space-charge  limiting  current  for  an  intense,  magnetized,  relativistic  electron  beam  injected  into 

a  Grounded  metallic  pipe  is  investigated  with  a  2(l/2)-dimensional  particle-in-cel  co  e. 
Comparisons  between  the  simulation  results,  the  well  known  Bogdankevich-Rukhadze  limiting 
current,  and  more  recent  theoretical  estimates  of  the  limiting  current  are  presented.  Transmute 
currents  >  15%  above  those  predicted  by  the  Bogdankevich-Rukhadze  and  other  limiting  cument 
estimates  are  observed.  However,  good  agreement  between  the  simulation  results  and  the  analytic 
estimates  of  Uhm  [Phys.  Fluids  B  5.  1919  (1993)]  and  Fessenden  [Lawrence  Livermore  Lab.  Rep 
No.  UCID- 16527  (1974)]  is  found.  For  an  injected  current  above  the  limiting  value,  a  virtual 
cathode  is  formed  which  alters  the  transmitted  current  density  profile  of  the  beam.  A  theoretical 
estimate  of  the  magnitude  of  the  transmitted  current  under  this  condition  is  compared  with 
simulation  results.  The  predicted  transmitted  current  is  found  to  be  valid  only  for  injected  currents 
slightly  above  the  limiting  current.  In  addition,  the  transition  between  vacuum  and 
ion-focused-regime  transport,  with  and  without  an  applied  axial  magnetic  field  is  simulated  For 
ion-focus-regime  densities  (rip  ~  n,).  the  effect  of  the  virtual  cathode  in  liimting  the  beam 
transmission  is  greatly  diminished  as  expected.  ©  1995  American  Institute  of  Physics. 


I.  INTRODUCTION 

Intense  relativistic  electron  beam  transport  has  important 
application  in  a  variety  of  areas,  including  collective  ion 
acceleration,'  x-ray  production,’  microwave  generation, 
pasteurization  of  foods,"*  and  plasma  heating  for  magnetically 
confined  thermonuclear  fusion.^  For  many  applications,  it  is 
desirable  to  transport  the  beam  in  vacuum,  in  a  conducting, 
cylindrical  tube.  However,  space  charge  and  instabilities 
limit  the  amount  of  current  that  can  be  carried  within  the 
transport  system.  The  amount  of  beam  current  that  can  be 
ideally  transported  is  limited  by  the  electrostatic  potential 
“well”  set  up  by  the  beam  space  charge,  and  is  referred  to  as 
the  limiting  current.  Relativistic  beam  energies  can  make  the 
analytic  determination  of  limiting  currents  difficult,  and  of¬ 
ten  approximate  or  numerical  solutions  are  employed.  One 
such  limiting  current  for  relativistic  electron  beams,  the 
Bogdankevich-Rukhadze  (BR)  current,^  is  investigated  with 
the'2(l/2)  dimensional,  particle-in-cell  (PIC)  code  MAGIC. 
Here,  the  BR  limiting  current  is  investigated  for  a  single 
beam-to-wall  radius  ratio  with  a  constant  energy,  constant 
current  electron  beam  with  a  uniform  density  profile.  Com¬ 
parisons  to  more  recent  analytic  estimates  of  the  limiting 
current  are  also  presented.  It  is  found  that  all  but  one  of 
published  theories  (that  the  authors  are  aware  of)  in  the  mod¬ 
erately  relativistic  energy  range,  7=1.5  to,  3.0,  underestimate 
the  limiting  current  value  found  in  PIC  codes.  "This  overall 
result  is  consistent  with  other  numerical  simulations  per¬ 
formed  for  7  >  2.0.  The  remaining  theory  provides  a  rea¬ 
sonably  accurate  estimate  of  the  limiting  current  observed  in 
the  simulations.  Possible  mechanisms  for  the  discrepancy  be¬ 
tween  analytic  estimates  of  the  limiting  current  and  the  simu- 
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lations,  such  as  induced  axial  electric  fields  and  ponderomo- 
tive  enhancements  to  the  beam  energy,  are  examined.  The 
nonlinear  behavior  associated  with  the  formation  of  virtual 
cathodes  when  these  devices  are  operated  near  and  above  the 
limiting  current  values  dictates  the  transmitted  current.  An 
analytic  estimate  of  the  transmitted  current  for  a  beam  with 
injected  current  above  the  limiting  value  is  compared  with 
simulations. 

In  Section  II,  the  BR  limiting  current  is  stated  along  with 
a  discussion  of  the  physical  assumptions  that  are  inherent  in 
its  derivation.  Several  more  recent  analytic  estimates  of  the 
limiting  current  are  also  highlighted  in  this  section.  In  Sec¬ 
tion  III  PIC  simulations  are  presented  under  conditions  simi¬ 
lar  to  those  under  which  the  analytic  limiting  currents  are 
derived.  Also,  this  Section  contains  simulations  to  check  the 
well  known  limiting  current  enhancements  through  the  intro¬ 
duction  of  a  low  density  background  plasma.  Conclusions 
are  presented  in  Section  IV. 

II.  LIMITING  CURRENT  THEORY 

The  problem  of  determining  the  maximum  transportable 
current  for  a  cylindrically  symmetric  electron  beam  propa¬ 
gating  in  an  evacuated  conducting  tube  was  first  solved  for 
non-relativistic  beams  by  Smith  and  Hartman.  For  an  in¬ 
jected  beam  radius,  rj,,  and  a  guide  tube  radius,  R,  the  lim¬ 
iting  current  was  determined  to  be 

Vl'^ 

/f(A)-3XlO-5— ,  (1) 

‘  8. 

where 

g=14-21n(R/rfc)  (2) 

is  a  geometric  inductance  factor,  and  Vj,  is  the  accelerating 

potential  at  the  beam  source  in  volts.  This  result  assumes  a 
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fully  magnetized  beam  (via  an  infinite  axial  magnetic  field) 
,and  it  includes  modeling  of  self-consistent  radial  variation  in 
the  axial  velocity  of  the  beam.  It  is  also  assumed  that  the 
length  in  the  tube,  L,  is  much  greater  than  R.  The  g~^  factor 
in  Eq.  (1)  is  obtained  from  a  fit  to  the  limiting  current  values 
given  in  Ref.  8  and  is  valid  over  the  range  g=l  to  7. 

For  relativistic  electron  beams,  the  BR  limiting  current 
was  derived  for  annular  beams  and  extended,  through  an 
interpolation  procedure,  for  solid  beams^  to 

(y/3„  1)3/2 

/  .  /ON 


=  17  kA, 


c  is  the  speed  of  light,  e  is  the  electron  charge,  is  the 
electron  mass,  is  the  permittivity  of  free  space, 
7o=  i/Vl  ~  /3o=v/c,  and  v  is  the  beam  speed.  MKS 

units  are  used  throughout,  except  where  noted.  This  result 
[Eq.  (3)]  assumes  an  “infinite”  axial  magnetic  field,  but  does 
not  include  the  radial  variation  in  y.  As  noted  by  Olson,  ^  this 
result  is  applicable  in  the  limit  that  ln(/?/r^)  >1.  For 
r£,=0.8  cm,  and  /?=L9  cm,  Eq.  (2)  gives  g=2.73.  For 
7^=2,  and  g=2.73,  Eq.  (3)  gives  /f^=2.8  kA.  The  values  of 
,  R,  and  chosen  here  are  used  in  the  PIC  simulations 
discussed  in  Section  III.  Replacing  y^  in  Eq.  (3)  by  1 
+Vi/(0.511X10^),  we  find  that  lf\A)^2.53XlO~^Vl'^/g 
to  first  order  in  for  (Vj/O.SllX  10^)  <  1  for  Vy  in  volts. 

Next  we  note  several  more  recent  additions  to  the  family 
of  relativistic  limiting  current  expressions  for  solid,  magne¬ 
tized,  uniform  current  density  beams,  with  constant  injection 
energy.  For  the  remainder  of  this  section,  we  present  the 
results  of  a  considerable  amount  of  pre-existing  analysis.  No 
attempt  has  been  made  to  discuss  the  various  methods  and 
assumptions  that  were  used  to  obtain  these  results.  Reference 
1  gives  a  short  review  of  electron  beam  limiting  current 
theory  (through  --'1977)  relevant  to  collective  ion  accelera¬ 
tion.  A  rather  substantial  review  of  relativistic  electron  beam 
transport  theory  in  vacuum  and  plasma  through  ^1974  can 
be  found  in  Ref.  5. 

Olson  and  Poukey^  have  derived  the  limiting  current  ex¬ 


pression 


/3.(7.-1) 


which  does  not  include  radial  variation  in  7,  but  is  used  as 
an  upper  current  limit  on  the  transport  of  electron  beams  in  a 
gas-filled,  conducting  tube.  Equation  (5)  expresses  the.  limit¬ 
ing  current  in  terms  of  vacuum  propagation.  For  7^=2,  and 
g=2J3,  if '‘=5.39  kA. 

Thompson  and  Sloan’®  have  derived  a  limiting  current 
estimate,  ,  that  is  determined  by  maximizing  the  follow¬ 
ing  expression  for  the  current  as  a  function  of  the  equilib¬ 
rium  energy  on  axis,  yj. : 


K  Vc)  =  hi  7r- Tc)  7^0  7cPc 


Tcf,  I  1) 


7c7eiPc/^e'^^^ _ 1. 


2(y;- 1) 


7o+7ciS-'i) 


and  Eq.  (6)  is  second -order-accurate  in  7^.  In  Eq.  (6),  Pc 
are  related  to  7^  and  7^  in  the  conventional  sense.  For 
7^=2  and  g=2.73,  /f^=3.20  kA  at  yc^\M- 

Genoni  and  Proctor  have  derived  the  following  limiting 
current  formula  (see  Ref.  11), 


For  7^=2,  and  g=2,73,  /f^=3.18  kA.  The  Genoni-Proctor 
and  Thompson-Sloan  limiting  currents  essentially  overlay  in 
the  range  7^=1.5-3.0  for  g=2.73. 

Uhm*^  has  derived  an  expression,  similar  to 
Fessenden,*^  that  gives  the  current  flowing  in  the  pipe  as  a 
function  of  the  relativistic  mass  ratio  at  the  center  of  the 
beam,  7^.  This  equation  must  be  maximized  as  a  function  of 

7^  numerically  in  order  to  determine  the  limiting  current, 
rVF, 

h  • 

I{7c)  =  hUi7c+v?-'^-f^ 

-tan”'  \/(yc+  i^)^-  1  +tan“'  (9) 

where  Budker’s  parameter,  v=  liUcP),  is  equated  to 


For  y=2,  and  g=2.73,  if =3.36  kA  at  r,=  1.12. 

In  addition  to  the  above  expressions,  we  note  that  an 
expression  has  been  derived  for  the  limiting  current  in  a 
finite-length  pipe*"^  (with  a  metallic  foil  across  the  down¬ 
stream  end).  For  a  solid  beam,  the  limiting  current  is  given  as 


where  \j  =  2.4,  the  root  of  the  Bessel  function  and  L  is 
the  guide  tube  length.  For  L=6  cm,  7<,=2,  and  g=2,73, 
/f^^=2.93  kA,  a  5%  correction  to  the  BR  limiting  current. 
This  estimate  then  indicates  that  the  limiting  current  for  these 
parameters  is  not  “length-limited.”  A  similar  calculation  has 
been  performed  by  Genoni  and  Proctor,*^  yielding  an  upper 
bound  on  the  limiting  current  in  a  finite  length  guide  tube. 
Though  their  result  is  expressed  for  arbitrary-thickness  annu¬ 
lar  beams,  the  expression  presented  here  is  for  solid  beams: 


^^+77  (rr-1)^ 


where  k  is  determined  by  finding  the  root  of 
riJo  + 

where  the  constants  and  r2  are  given  by 
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fig.  1.  Limiting  current  expressions  as  a  function  of  for  fixed  g 
Solid  data  points  indicate  simulation  results. 


FIG.  2.  Limiting  current  expressions  as  a  function  of  g  for  fixed 
Solid  data  point  denotes  simulation  result. 


In  Eqs.  (13),  (14),  and  (15),  /„  and  are  the  modified 
Bessel  functions  of  the  first  and  second  kind  of  order  /i,  and 
is  the  Bessel  function  of  the  first  kind  of  order  n.  For  L=6 
cm,  /?=1.9  cm  and  r£,=0.8  cm,  Eqs.  (14)  and  (15)  give 
rj  = -0.914  and  r2=  1.131.  Numerically  finding  the  root  of 
Eq.  (13)  gives  A:=1.70  cm"'^  and  ^^=3.88  kA  for 
y^=2.  For  these  parameters,  Eq.  (12)  is  13%  greater  than  the 
minimum  value  {L>  6  cm).  Therefore,  is  nominally 

within  the  “length-limited”  regime  for  these  parameters. 

The  limiting  currents  presented  in  this  section  are  essen¬ 
tially  electrostatic  limits,  governed  by  the  potential  between 
the  electron  beam  and  the  wall.  It  should  be  noted  that  due  to 
the  presence  of  an  infinite  axial  magnetic  field,  no  consider¬ 
ation  of  self  magnetic  field  effects  (pinching)  should  be  rel¬ 
evant.  The  Alfven  magnetic  limiting  current,  is 

well  above  the  limiting  currents  considered  here  for  param¬ 
eters  used  in  Section  III.  However,  in  the  ultra  relativistic 
limit,  all  of  the  limiting  currents  presented  in  this  section 
[except  Eq.  (1)]  approach  I^/g.  A  comparison  of  the  limiting 
currents  /f",  if,  if ,  ij^ ,  and  if  is  given  in  Fig.  1  as  a 


function  of  for  g=2.73  and  in  Fig.  2  as  a  function  of  g  for 
y^=2.  The  beam  completely  fills  the  pipe  for  1,  and  g=l 
corresponds  to  a  sub-millimeter  beam  radius  for  values  of  R 
considered  in  this  work  (/?=1.9  cm).  Simulation  results  for 
7/  are  also  given  in  Figs.  1  and  2.  A  discussion  of  these 
results  is  given  in  Section  III. 

For  injected  currents  that  exceed  the  limiting  value,  y 
approaches  1  at  the  center  of  the  beam  at  a  distance  of 
roughly  beyond  the  injection  plane  (cu^^  is  the  beam 

plasma  frequency).  At  this  point,  a  virtual  cathode  (VC)  is 
formed  which  has  an  axial  oscillation  with  characteristic  fre¬ 
quency  of  approximately  where 

nl  is  the  injected  beam  density.^**^'^^ 

Even  after  the  formation  of  the  virtual  cathode,  an  annu¬ 
lar  beam  is  transported  outside  of  the  VC.  In  addition,  a 
small  current  is  emitted  from  the  VC  in  bursts  with  fre¬ 
quency  approximately  The  dynamics  of  the  VC  in 

transmitting  this  “pulsed”  current  has  been  treated  with  one¬ 
dimensional  impulse  or  “shock”  models.*^  An  estimate  of 
the  current  transmitted  outside  of  the  VC  may  be  performed 
by  calculating  the  axial  position  (2^)  and  radial  extent 
(r^)  of  the  VC.  Assuming  a  transmitted  current,  /,,  between 
r=r^  and  of  7^  (n^=n^)  and  no  net  current  between  r=0 
and  (n^=2/z^).  Al’terkop,  Sokulin,  and  Tarakanov'"^  have 
found  the  following  coupled  set  of  transcendental  equations 
for  and  (expressed  here  for  an  initially  solid  beam): 


d  d\l  .  s\nh(\iZ^/R)±smh(\i{L-z^)/R) 


"  'sinh(X,L//?) 

2r;  R-  (sinh{\^{L-z^)/R)cosh{k^z^/R)-smh{k^{L-z^)/R)'^_I  .0/2 


+  In-r  1 - 

n  \ 

and 


sinh(XiL//?) 


cosh  — I  -cosh|-^ - )  ]  +  2r,ln  ^  cosh^  -  )[cosh^— J  - 


=  0. 


(16) 


(17) 


! 


I 


J.  Appl.  Phys.,  Vol.  78,  No,  9,  1  November  1995 


D.  V.  Rose  and  J.  U.  Guillofy  5789 


Numerically  solving  for  and  r^,  and  equating  the  in¬ 
jected  and  transmitted  current  densities,  an  estimate  for  the 
transmitted  current,  obtained.  For 

R=L9  cm,  r^=0.8  cm,  L=6  cm,  7^=6  kA,  and  r^=2,  we 
find  z^=0.73  cm  and  r^=0.42  cm.  This  gives  /f‘^^=4.35 
kA.  This  model  is  only  valid  for  injected  currents  greater 
than  the  limiting  current  for  a  solid  beam  and  less  than  the 
limiting  current  for  a  hollow  beam  with  an  inner  radius  equal 
to  .  For  the  parameters  given  above,  /f  is  below  the 
smallest  limiting  current  value  for  a  beam  with  inner  and 
outer  radii  of  and  A  comparison  between  this  result 
and  our  simulation  results  is  given  in  Section  III. 

Other  theoretical  efforts  have  included  the  definition  of  a 
“useful”  current  value  based  on  the  degree  of  stratification  in 
the  transmitted  beam*^  [i.e.,  the  magnitude  of  yCr^,) 
-  y(0)].  We  also  note  that  analytic  efforts  have  examined 
the  impact  of  magnetically  shielded  vs.  magnetically  im¬ 
mersed  beam  sources  on  the  limiting  current  value.^^’^^ 
These  results  are  beyond  the  scope  of  this  work. 

Results  presented  in  this  section  have  thus  far  been  ap¬ 
plicable  to  solid,  uniform  current  density  electron  beams.  It 
is  noted  that  the  limiting  currents  for  annular  or  hollow  elec- 

^  •  *15  22  23 

tron  beams  are  generally  higher.  Substantial  analytic, 
numerical, and  experimental^^"^^  efforts  have  been  devoted 
specifically  to  the  hollow  beam  geometry.  While  the  present 
paper  only  considers  limiting  currents  for  solid  beams,  these 
calculations  can  be  carried  out  for  annular  beams  as  well. 


ill.  NUMERICAL  SIMULATION 


Numerical  simulations  of  the  BR  relativistic  electron 
beam  limiting  current  have  been  carried  out  using  the  2(1/2)- 
dimension  code  MAGIC.^  The  code  employs  the  particle-in¬ 
cell  methodology,  solving  the  full  set  of  Maxwell’s  equations 
on  a  grid.  Particles  are  advanced  at  each  time  step  self- 
consistently  via  relativistically  correct  equations  of  motion. 

In  order  to  examine  the  BR  limiting  current,  a  computa¬ 
tional  region  extending  in  radius  from  0  to  2.0  cm  and  0  to 
6.0  cm  in  axial  length  was  set  up.  The  inner  radius  of  the 
conducting  tube  is  /?=1.9  cm.  A  0.8  cm  radius  beam,  is 
injected  at  z  ^  0  into  the  waveguide.  Other  than  the  beam 
injection  region,  no  other  particle  source  was  permitted.  It 
has  been  shown  elsewhere^^  that  the  perturbing  effect  of  the 
electron  beam  source  on  the  two-dimensional  potential  dis¬ 
tribution  has  no  effect  on  the  limiting  current.  Also,  the  simu¬ 
lation  length,  L,  satisfies  the  requirement^^  that 


L 

R 


^2.581 


0.133 


(18) 


which  evaluates  to  L  ^4.4  cm.  This  inequality  gives  a  some¬ 
what  different  result  than  found  in  Eq.  (12),  both  of  which 
assuine  a  conducting  boundary  at  z=L.  The  possibility  of 
“length-limited”  results  was  tested  in  the  simulations  by  per¬ 
forming  specific  cases  at  L=6  and  12  cm.  No  difference  in 
the  limiting  or  transmitted  current  values  was  found. 

Preliminary  calculations  with  a  constant  energy  and  cur¬ 
rent  beam  were  carried  out  to  examine  the  limit  on  transport¬ 
able  electron  current.  First,  an  electron  beam  of  a  constant 


FIG.  3.  Panicle  plots  in  r  and  c  at  4.0  ns.  These  results  are  for  an  injected 
current  of  2.7  kA,  7„=2.  and  5„=0.0. 


7^, =2.0  was  injected  with  no  externally  applied  magnetic 
field.  The  input  current  density  was  varied  between  runs.  The 
beam  current  was  programmed  to  rise  linearly  over  1  ns  to 
7^.  For  an  injected  current  of  less  than  2.0  kA,  a  steady  and 
continuous  beam  was  transported  over  the  simulation  axial 
distance  with  some  beam  expansion.  However,  when  the  cur¬ 
rent  was  raised  to  2.7  kA,  the  beam  expanded  to  the  tube 
radius  at  z  =  6  cm.  This  case  is  illustrated  in  Fig.  3  with  the 
beam  injected  at  z  =  0  cm.  Without  a  large  applied  axial 
magnetic  field,  this  result  has  no  bearing  on  the  examination 
of  the  BR  limiting  current.  However,  such  a  simulation  pro¬ 
vides  valuable  information  on  energy  conservation  and 
boundary  conditions.  The  limit  on  transportable  current  from 
this  simulation  is  determined  more  from  space  charge  limits 
than  the  potential  between  the  beam  and  channel  wall.  The 
limiting  current  for  a  drifting  beam  spreading  radially  under 
its  own  self-fields  is  given  approximately  as 


For  L=6  cm,  7?=1.9  cm,  g=2.73,  and  7^=2,  7f^  =  2.6  kA. 
This  expression  is  not  valid  over  all  ranges  of  r/,,  R.  and  L 
As  approaches  R,  the  logarithmic  term  in  the  denominator 
drives  the  limiting  current  in  Eq.  (19)  to  infinity.  A  more 
accurate  envelope  equation  treatment  gives  essentially  the 
same  result  for  these  parameters.^^ 

When  a  large  (100  T),  axial,  magnetic  field  is  applied 
uniformly  throughout  the  simulation,  laminar  beam  flow  is 
observed,  as  expected.  No  attempt  is  made  to  re.solve  the 
gyro-orbit  about  the  axial  magnetic  field.  Electrons  are  in¬ 
jected  into  the  simulation  with  no  transverse  temperature, 
and  therefore  they  have  a  gyro-radius  of  zero.  Numerical 
heating  might  introduce  some  radial  acceleration,  but  il  ^^e 
assume  a  maximum  transverse  temperature  due  to  numcricaj 
errors  of  0.0 17^,  the  electron  gyroradius  is  only  1.7X  10 
cm  for  parameters  used  in  this  report.  Therefore,  maxinunn 
displacement  errors  in  the  radial  direction  are  on  the  order  td 
0.1%  of  the  typical  simulation  cell  size  and  are  .safel) 


nored. 


Previous  investigations  with  PIC  codes**  have  dtitr 
mined  a  finite  magnetic  field  strength  of 


jnle-le^m^),  above 


which  the  ob* 


served  limiting  current  is  insensitive  to  For  paranK 
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KIG.  4.  Plot  of  cross-sectiona!  trajectory  of  test  electron  in  outer  edge  of 
beam.  For  this  calculation,  yo=2,  /o=3.4  kA,  and  T. 


used  in  this  work,  this  relation  indicates  that  should  be 
greater  than  1  T.  This  value  for  the  applied  magnetic  field 
was  checked  in  a  set  of  runs  in  the  problem  geometry,  and 
the  inequality  was  verified.  As  is  decreased 

below  this  minimum  value,  electrons  at  the  outer  edge  of  the 
beam  begin  to  travel  around  the  outside  of  the  beam  in  heli¬ 
cal  orbits.  These  orbits  were  investigated  by  numerically 
solving  the  relativistic  Lorentz  equation  in  three-dimensions 
for  a  test  electron  traveling  in  the  static  electric  and  magnetic 
fields  of  the  beam  and  the  applied  magnetic  field.  A  typical 
orbit  is  shown  in  Fig.  4  for  an  electron  at  the  outer  edge  of 
the  beam  for  an  applied  magnetic  field  strength  of  0.5  T  and 
an  injected  current  of  3.4  kA.  A  full  electrodynamic  orbit 
calculation,  not  performed  here,  would  include  the  radial 
self-field  dynamics  of  the  beam  envelope,  distorting  the  tra¬ 
jectory  plotted  in  Fig.  4. 

Next,  a  set  of  simulations  were  performed  to  determine 
the  limiting  current,  //,  for  this  geometry  with  2.0, 

2.5,  and  3.0.  The  total  transmitted  current,  /,,  is  measured 
near  the  downstream  end  of  the  simulation  region.  7/  was 
determined  to  be  the  point  at  which  1^=^,  /,  or  when  VC  for¬ 
mation  was  observed  in  the  simulation.  The  effect  of  radial 
variation  in  y  can  be  qualitatively  seen  in  Figs.  5  and  6  for 
7^=2.0  and  1^-6  kA,  well  above  the  limiting  current  value. 


z.  z  (cm) 


FIG.  5.  Particle  plots  in  r  and  z  at  4.0  ns.  These  results  are  for  an  injected 
current  of  6.0  kA,  and  100  T,  The  analytic  estimate  of  the  trans¬ 
mitted  beam  inner  radius  and  virtual  cathode  position  are  denoted  by 
and  . 
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A  virtual  cathode  is  observed  at  approximately  0.7  cm  into 
the  pipe.  This  value  is  consistent  with  the  electromagnetic 
interaction  length, 

The  simulation  results  indicate  that  the  limiting  current 
for  vacuum  transport  for  these  parameters  is  indeed  --'17% 
higher  than  is  predicted  by  the  BR  limiting  current,  as  shown 
in  Fig.  1.  These  results  are  roughly  consistent  with  other 
recent  PIC  simulations' for  solid  beams.  We  briefly  inves¬ 
tigate  two  possible  mechanisms  for  this  enhancement  of  the 
limiting  current  One  possibility  is  the  coupling  between  an 
appropriate  waveguide  mode  and  the  propagating  beam. 
For  a  solid  beam,  this  is  the  TEn  mode.  For  parameters  used 
in  the  simulation,  the  enhancement  of  the  limiting  current 
due  to  the  ponderomotive  energy  was  found  to  be  negligible. 
This  is  due  primarily  to  the  very  large  axial  magnetic  field 
used  in  the  simulations.  This  does  not  preclude  the  use  of 
such  a  technique  in  experimental  configurations  where  axial 
magnetic  fields  smaller  than  those  discussed  in  this  work  are 
often  used. 

In  addition,  the  induced  axial  electric  field  at  the  cathode 
was  examined  as  a  possible  source  of  the  enhanced  trans¬ 
ported  current  values.  It  was  found  from  code  diagnostics 
that  the  fast  rising  current  produced  electric  fields  that  were 
approximately  two  orders  of  magnitude  smaller  than  the 
fields  created  by  emitting  charge  from  the  cathode  some  dis¬ 
crete  distance  ldz/2)  in  the  simulation  region.  These  fields 
were  found  not  to  contribute  substantially  to  the  injected 
beam  energy. 

Further  consideration  of  the  results  plotted  in  Fig.  1  in¬ 
dicated  that  the  limiting  current  expressions  obtained  by 
Uhm'^  [Eq.  (9)]  and  Fessenden'^  give  good  agreement  with 
the  PIC  simulation  /,  over  the  parameter  range  considered  in 
this  work.  A  further  comparison  between  the  limiting  current 
theory  given  in  Refs.  12  and  13  and  numerical  simulations 
can  be  made  by  comparing  the  equilibrium  radial  y  variation 

g-|— j  . 

where  v  is  given  in  Eq.  (10).  For  'yo=2  and  g=2J3, 
7^=1. 12  and  v=0.332.  Figure  7  plots  Eq.  (20)  for  these 
parameters  as  a  function  of  r  along  with  the  simulation  par¬ 
ticle  distribution  for  I„=3.36  kA.  Reasonable  agreement  is 
found  over  most  of  the  beam  profile. 

As  noted  in  Section  11,  for  injected  currents  above  the 
limiting  value,  a  transmitted  beam  with  an  annular  profile  is 
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FIG.  7.  Plots  of  equilibrium  beam  energy,  y,  over  the  range  r=0  to  ,  for 
the  analytic  approximation  and  the  simulation  results.  The  large  hollow 
points  are  from  Eq.  (20)  with  v~Q332  and  the  smaller  points  are  the  simu¬ 
lation  results  with  g~2J3,  y^^^.O,  and  I„=3A  kA. 

observed,  both  in  simulations^ and  experiments.^^  A 
simple,  two-dimensional  estimate  of  the  charge  density  pro¬ 
file  for  beams  above  the  limiting  current*"^  yields  the  approxi¬ 
mate  position  of  the  virtual  cathode  and  transmitted  beam 
inner  radius,  and  given  by  Eqs.  (16)  and  (17).  This 
result  is  plotted  over  the  (r,z)  plot  in  Fig.  5,  The  radial  cur¬ 
rent  density  profile  “snapshot”  for  the  simulation  given  in 
Figs.  5  and  6  is  shown  in  Fig.  8  at  4  ns.  This  simulation 
result  is  qualitatively  similar  to  current  density  profiles  ob¬ 
served  in  experiments.^^  Not  accounted  for  in  the  model  of 
Al’terkop,  Sokulin,  and  Tarakanov  is  the  “pulsed”  current 
at  r  <r^  produced  by  the  virtual  cathode  oscillations  at  fre¬ 
quency. 

In  Fig.  9,  the  average  transmitted  current,  collected  at  an 
axial  distance  many  times  clcop^,  is  presented  as  a  function 
of  From  these  results,  the  transmitted  current  continues 
to  increase  beyond  the  limiting  value  as  is  increased.  This 
current  should  peak  at  the  limiting  value  for  an  annular 
beam.  In  Fig.  10,  the  results  of  Fig.  9  are  plotted  along  with 
the  results  of  Thode,  Godfrey,  and  Shanahan.  It  is  impor¬ 
tant  to  note  that  the  calculations  of  Ref.  1 1  were  performed 


FIG.  8.  Magnitude  of  the  transmitted  current  density  profile,  J/r),  from  a 
PIC  simulation  for  7^=6  kA,  y,  =2.  and  100  T.  The  analytic  estimate  of 
the  transmitted  beam  inner  radius  is  denoted  by  r*  . 
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FIG.  9.  Transmitted  current.  /,.  as  a  function  of  injected  current.  J,..  fur 
several  different  injected  beam  energies.  The  limiting  current  value  for  each 
curve  is  marked  by  an  arrow. 

with  constant  co^/o)pf,  (i.e.,  was  varied  for  different  /„). 
while  the  results  presented  in  Fig.  8  are  for  fixed  at  1 00  T. 
In  Fig.  10,  the  results  of  Thode,  Godfrey,  and  Shanahan’’  do 
not  clearly  show  the  same  continuous  rise  in  I,  above  I,  as 
found  here  for  y,,=  l.5-3.0. 

Inasmuch  as  the  typical  experimental  conditions  for 
“vacuum  propagation”  is  a  quite  imperfect  vacuum,  with  gas 
density  often  exceeding  lO’^  atoms/cm^  partially  ionized  by 
the  beam,  a  set  of  simulations  were  performed  with  an  elec¬ 
tron  beam  injected  into  a  low  density  plasma  compleicly 
filling  the  conducting  pipe.  The  background  plasma  density 
and  the  applied  magnetic  field  magnitude  were  varied  to  ex¬ 
amine  the  magnitude  of  the  transmitted  current.  Previous  PIC 
simulations^"^  have  examined  this  issue  for  hollow  beams  in¬ 
jected  into  partially  plasma-filled  waveguides  at  different  ap¬ 
plied  magnetic  field  magnitudes.  For  our  simulations,  a  uni¬ 
form  density,  cold  hydrogen  plasma  of  density  iip  was  placed 
inside  the  conducting  pipe  from  r=0  to  R  and  to  L  For 
injected  beams  with  parameters  yo-2  and  7^=3  kA.  we 
found  /,=3  kA  for  a  range  of  densities  and  magnetic  WM 
amplitudes  (rip—O  to  9.9X10”  cm  ^  and  5^—0  to  100  T) 


FIG.  10.  Replot  of  Fig.  9  including  results  of  Thode.  C(xlfrcy.  am 
ban.  Ref,  II,  a.s  solid  black  circles.  The  limiting  current  value 
yo=5.0  curve  is  marked  by  an  mow.  • 

D.  V.  Rose  and  J-  b. 


) 

1 

J 

s 

n 

V 

b 

rt 

P' 

th 

ti( 

cr 

tr( 


IV 

wi 

Re 

the 

be< 

me 

anc 

acti 

Eq. 

low 

ing 

sim 

pari 

give 

pro\ 

cons 

indit 

dime 

trate 

limit 

I 

nular 
9  ane 
and  p 
for  ti 
catho 
(Figs. 
Work, 
//  and 
and  9 
In 

descril 
low-d( 
niade  I 
^0  bet 

^  til 

for  eff 
Emund 
/^ent 
ported 


However,  the  time  required  for  the  system  to  reach  the  equi¬ 
librium  value  of  varied  as  the  logarithm  of  Bo  (for  Bo 
?0.1  Tand  /ip=9.9xi0"  For  5<,=  100T,  r„=2,  and 

/^^=6  kA  (well  above  the  vacuum  limiting  current),  we  ob- 
j;erved  unimpeded  beam  transport,  with  /,  =  6  kA,  above 
^^^=5X10**  cm^  (up  to  2X10*^  cm”^,  the  maximum  value 
we  considered).  For  these  same  beam  and  plasma  parameters 
but  with  5^=0,  we  found  7^  ^  5  to  6  kA.  For  ion-focus- 
regime  (IFR)  transport, as  found  here.  IFR  trans¬ 
port  of  electron  beams  in  conducting  tubes  helps  to  center 
(he  beam  and  reduce  beam  sweep.^^  Note  that  in  the  simula¬ 
tions,  the  addition  of  the  large  applied  magnetic  field  in¬ 
creases  the  ion  channel  formation  time  (because  plasma  elec¬ 
trons  can  not  leave  the  IFR  channel  radially). 

IV.  CONCLUSIONS 

The  BR  limiting  current,  Eq.  (3),  has  been  investigated 
with  the  2(1/2)  dimensional  particle-in-cell  code,  MAGIC. 
Results  confirm  that  the  BR  limiting  current  under-estimates 
the  actual  limiting  current  for  solid,  relativistic  electron 
beams.  These  results  are  consistent  with  other  published  nu¬ 
merical  simulations,***^^  performed  for  other  values  of  jo 
and  g.  It  is  found  that  while  the  BR  limit  under-estimates  the 
actual  limiting  current,  the  Olson-Poukey  limiting  current, 
Eq.  (5),  over-estimates  the  actual  limiting  current,  at  least  for 
low  7  beams.  More  recent  analytic  calculations  of  the  limit¬ 
ing  current  provide  better  estimates  of  7/  as  observed  in  PIC 
simulations,  at  least  for  parameters  used  in  this  work.  A  com¬ 
parison  between  limiting  current  simulation  and  theory  is 
given  in  Figs.  I  and  2.  The  results  of  Uhm*^  and  Fessenden*^ 
provide  the  most  accurate  prediction  of  7/  for  parameters 
considered  in  the  work.  The  simulations  also  qualitatively 
indicate  radial  y  variation  for  consistent  with  one¬ 

dimensional  estimates*^’*^  (see  Fig.  7).  Figures  5  and  6  illus¬ 
trate  the  dynamics  of  electron  beam  propagation  above  the 
limiting  current. 

For  injected  currents  above  the  limiting  current,  an  an¬ 
nular  beam  is  transported  outside  the  virtual  cathode.  Figures 
9  and  10  plot  transmitted  currents  above  7/  from  this  work 
and  previous  simulations.**  The  results  of  an  analytic  model 
for  the  inner  radius  of  the  transmitted  current  and  virtual 
cathode  position  are  compared  with  the  simulation  results*"^ 
(Figs.  5,  6,  8).  It  is  found  that  for  parameters  used  in  this 
work,  the  theory  does  not  explain  the  relationship  between 
1 1  and  If  as  observed  in  the  simulation  results  (see  Figs.  8 
and  9). 

In  addition  to  the  perfect-vacuum  transport  simulations 
described  above,  several  simulations  were  performed  with  a 
low-density  plasma  inside  the  waveguide.  Connection  was 
made  to  the  known  results  of  IFR  transport  for  ^  and 
Bo  between  0  and  100  T.  (This  result  corroborates  that  for 
IFR  transport,  large  axial  magnetic  fields  are  not  necessary 
for  efficient  transport,  and  that  the  presence  of  the  back¬ 
ground  plasma  minimizes  VC  formation  and  allows  beam 
currents  in  excess  of  the  vacuum  limiting  values  to  be  trans¬ 
ported.) 

Most  simulations  reported  in  this  work  were  performed 
with  a  constant  current  electron  beam.  Our  results  indicate 
that  simply  *‘tuming  on”  the  full  current  achieves  roughly 
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the  same  results  in  vacuum  as  for  a  more  realistic  current 
ramp  for  the  simulation  setup  described  in  Section  III.  In 
addition,  several  runs  were  performed  with  much  longer 
guide  tubes  (up  to  28  cm)  in  order  to  determine  if  the  bound¬ 
ary  conditions  were  allowing  errors  to  propagate  back  into 
the  system.  No  significant  change  in  the  results  between 
short  (6  cm)  and  long  guide  tubes  was  found. 

The  study  of  limiting  currents  extends  well  beyond  the 
physics  considerations  highlighted  in  this  report.  Vacuum 
transport  studies  are  extended  in  the  regime  of  low  density 
transport  for  collective  ion  acceleration,  where  it  is  desired  to 
exceed  vacuum  limiting  currents, Other  studies  have  exam¬ 
ined  the  importance  of  beam  bunching  resulting  from  y 
variation,^®  radiation  produced  at  the  virtual  cathode, and 
the  impact  of  beam  instabilities  on  limiting  currents  for  small 
amounts  of  space-charge  neutralization."*^  Additionally,  in¬ 
vestigations  into  finite  temperature  distributions"**  and  foil 
scattering* at  the  beam  source  have  yielded  extensions  to 
the  BR  limiting  current  theory,  making  it  more  applicable  to 
warm-beam  conditions. 

Current  research  in  relativistic,  vacuum  beam  transport 
includes  mechanisms  to  greatly  increase  the  space-charge 
limiting  current^^  and  control  virtual  cathode  motion, "*^“"*^ 
primarily  for  microwave  applications. 
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